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1. Introduction
In the last 15 years, environmental awareness has become an important aspect of our
daily lives. In particular, as a pioneer in green technologies, Germany reconsidered its
consumption of fossil fuels and issued the Renewable Energy Act [1] in 2000. Further-
more, basic research in the world’s leading scientific institutions has especially focused
on finding alternative energy sources, which would reduce the amount of greenhouse
gases, including CO2 emission, and protect the climate. These initiatives have also been
facilitated by legal action, first by the Montreal Protocol on Substances that Deplete
the Ozone Layer [2] and then by the Kyoto Protocol [3].
Among various types of the worldwide energy consumption, refrigeration already pos-
sesses a 15% market share and the number is expected to dramatically increase in the
new few decades. This has stimulated a call for new technologies [4,5]. For instance, refrig-
eration based on magnetocaloric cooling is a promising substitute for the well-established
vapor-compression refrigeration cycle. This approach has certain advantages in compar-
ison to the aforementioned refrigeration: it is not limited to the room temperature (r.t.)
regime, which focuses on magnetocaloric cooling or air-conditioning; it can be also used
for energy harvesting through thermomagnetic transitions, and it makes microfluidic
pumps or thermomagnetic generators possible. [6–8]
Another important aspect of solid-state cooling technology is that it avoids the use of
harmful, ozone-depleting gases (chlorofluorocarbons), hazardous chemicals (ammonia),
and greenhouse gases (hydrochlorofluorocarbons, hydrofluorocarbons) as heat transfer
media. Just a water-antifreeze mixture, air, or helium at cryogenic temperatures is re-
quired for this purpose. [6,8–10] Moreover, magnetocaloric-based cooling devices are safer,
require less space, and produce less noise. They also have a higher energy efficiency and
are scalable across a broad range from a few milliwatts to kilowatts. For instance, a
magnetic refrigerator with Gd has an efficiency of 60% as compared to only 40% for the
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best vapor-compression refrigerants. [6–9,11]
Today, a huge variety of magnetocaloric materials (MCMs) are known, from the rare-
earth element Gd [8,12,13] and its related alloys, Gd5(SixGe1−x)4 [14,15], to lanthanide hy-
drides (LaFe13−xSixH) [16–18] and manganese-phosphides [MnFeP(As,Ge,Si)] [6,19] towards
Heusler alloys (Ni-Mn-Z, with Z = Ga, In, Sn, Sb, or Al) [20–22]. Over the past three
years in particular, Heusler alloys have gained increasing importance owing to a study
by Liu et al. [23], who reported a giant magnetocaloric effect (MCE) and an adiabatic
temperature change, ∆Tad, of −6.2 K in Ni-(Co-)Mn-In Heusler alloys at the first order
phase transition. This high value was obtained from a direct method, and furthermore,
it is the highest ∆Tad of such alloys ever obtained. Therefore, Heusler alloys have be-
come promising alternatives to Gd containing compounds. Among them, Ni2MnGa
serves as a prototype for ferromagnetic shape memory alloys (FSMAs). Additional re-
search has been conducted towards reducing the Ga content owing to the high price
of this element while preserving the shape memory effect at low martensitic transition
temperatures. [21,22]
Presently, high performance magnetic refrigerants function in relatively high magnetic
fields of approximately 5 T. Therefore, new magnetocaloric materials with larger MCEs
operating in applied magnetic fields ≤ 1 T are required [6,9]. Heusler alloys should there-
fore satisfy the following criteria: a diffusionless first order solid-solid sharp martensitic
phase transformation from high temperature austenite to low temperature martensite, a
high magnetization change during the martensitic transformation, and a low energy bar-
rier, i.e., low latent heat and low thermal hysteresis, ∆THyst, in order to reduce energy
consumption in a magnetocaloric application. With these characteristics in mind, the
3d-transition metal Mn has attracted significant attention as a constituent element of
MCE compounds owing to its high abundance, magnetic ordering temperatures near r.t.,
and high localized magnetic moment of 4.0 µB as compared to other transition metals.
The magnetic moment of Mn is approximately half that of the rare-earth elements, e.g.,
Gd: msat,Gd= 7.63 µB [7,9,10], but it is still high enough to be a promising candidate for
magnetocaloric applications.
Some of the requirements of a magnetocaloric material are the presence of a first order
magnetostructural transition and, subsequently, a high magnetic entropy, ∆SM, and a
high adiabatic temperature change, ∆Tad. The martensitic transformation is not only
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magnetic- and temperature-induced; there are additional factors to tune this structural
phase transition. Therefore, the goal of this Ph.D. thesis is to understand the factors
influencing this martensitic transformation and to use this understanding to design new
Mn-rich Ni-based rare-earth free magnetocaloric Heusler alloys.
First, the principle of the MCE, its history, methods of its investigation, and the marten-
sitic transformation in Heusler alloys will be discussed shortly. Secondly, increased at-
tention is devoted to the Ni-Mn-Sn system. The Heusler alloy NiMn2Sn is predicted by
electronic structure calculations to show a martensitic transformation. [24,25] Therefore,
the series Ni2−xMn1+xSn will be especially discussed experimentally and theoretically.
Surprisingly, within the scope of the present work, it was shown that there was no marten-
sitic transformation; rather, there was chemical disorder. The influence of the latter on
the magnetic and transport properties of Heusler alloys was relatively unexplored. Thus,
this chemical disorder will be the focus of Chapter 3.
The absence of a martensitic transformation in the series Ni2−xMn1+xSn motivated
a new study on Mn-rich Ni-based Heusler compounds with a higher Mn-content, i.e.,
Mn50Ni50−ySny. Starting from the binary tetragonal alloy Mn50Ni50 [26–28], the variation
of the Sn-content and the effect of annealing on the martensitic transformation are
discussed in Chapter 4.
The substitution of the main-group element Sn with In is another opportunity to tune
the magnetocaloric properties. Therefore, a study on the reduction of the Mn-content
and simultaneous doping with the 3d-transition metal Co to improve the magnetocaloric
properties in Heusler alloys is discussed in Chapter 5. A description on the MCE by
different methods and the effect of annealing on the martensitic transformation is high-
lighted.
3
2. General background
2.1. Magnetocaloric effect and its history
2.1.1. Historical overview
In 1881, the German physicist Emil Warburg reported on the effect of increasing temper-
ature on a magnetic field. [29] In iron, the temperature of its magnetic phase transition
(TC,Fe = 1043 K [30]) was observed to have shifted by a few milli-Kelvin.
The effect was explained 37 years later by Weiss and Piccard [31] for nickel. The Ni
sample increased its temperature in the vicinity of the Curie point TC,Ni = 631 K [30]
during an adiabatic magnetization process. Consequently, this novel phenomenon was
termed the magnetocaloric effect.
Later, Debye [32] (1926) and Giauque [33] (1927) simultaneously and independently gave
an explanation of the MCE based on thermodynamics in the rare-earth paramagnetic
salt Gd2(SO4)3 · 8H2O. In particular, they described the effect of adiabatic demagneti-
zation on caloric and magnetic entropy changes. They proposed that this method could
be utilized to reach cryogenic temperatures below 1 K. In 1933, the first real adiabatic
demagnetization refrigerator was built based on Gd2(SO4)3 · 8H2O in an applied mag-
netic field, µ0H, of 0.8 T by Giauque and MacDougall [34]. With this realization, they
experimentally reached cryogenic temperatures below the temperature of liquid helium,
i.e., 0.53, 0.34, and 0.25 K, starting from 3.4 K, 2.0, and 1.5 K, respectively. The Nobel
prize in chemistry was later awarded to Giauque in 1949 "for his contributions in the
field of chemical thermodynamics, particularly concerning the behavior of substances at
extremely low temperatures". [35]
Inspired by these innovations, the MCE was extensively studied in paramagnetic salts
such as ferric ammonium alum [36], cerium magnesium nitrate [37], and ytterbium and
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gadolinium iron garnets [38]. In the 1990s, a novel class of materials, i.e., Heusler al-
loys, attracted increasing attention as FSMAs. Heusler alloys were also studied for
magnetocaloric applications. In particular, Ullakko et al. [20] reported a large magnetic
field-induced strain of 0.2% in a single crystal of Ni2MnGa.
In 1997, Pecharsky and Gschneidner reported a giant MCE in the rare-earth alloy
Gd5(Si2Ge2), which provided a wider temperature range and a 50% larger MCE than
pure metal Gd [14]. Only two years later, the same authors published an article reporting
a ∆Tad of 16 K in µ0H = 7 T in Gd. From that time on, the rare-earth element Gd was
treated as a benchmark for near-r.t. magnetic refrigeration and as a standard material
for novel MCMs [13].
The golden era of magnetocaloric devices started with a report published by Brown [39] in
1976. He designed a reciprocating magnetic regenerator in cooperation with the National
Aeronautics and Space Administration (NASA) Center by using Gd plates. A ∆Tad of
47 K at 340 K in µ0H = 7 T has been obtained. With this benchmark, this technology
became a promising alternative cooling technology for vapor-compression refrigeration.
This prototype used the regenerative Ericsson cycle and operated as follows: the Gd
plate was held stationary by a water cooled electromagnet and a tube, which contained
the heat transfer medium (80% water / 20% ethanol), oscillated vertically [30].
Later, Steyert [40] reported a Stirling-cycle wheel concept, in which Gd rotated in and
out in µ0H = 7 T. It expelled and removed heat by a counter-flowing the heat transfer
medium, water. With this rotating magnetic regenerator, a cooling power of 32 kW/L
Gd at an operating frequency of 1 Hz was reached.
In 1981, Barclay and Steyert [41] developed an active magnetic regenerator (AMR), which
served as a reference for all modern prototypes. These types of devices have a regenerator
and the working material jointed together in one unit, and therefore, the temperature
gradient of the latter is localized.
In 1998, Zimm [11] reported the development of a reciprocal magnetic regenerator, which
was the result of a collaboration between the Ames Laboratory and the Astronautics
Technology Center. This device works in the vicinity of r.t.; its concept is similar to
the one designed by Brown. The prototype was constructed with 3 kg Gd spheres and
used water as the heat transfer fluid. A µ0H value of 5 T was provided by helium cooled
superconducting magnets. A cooling power of 600 W at an operating frequency of 0.17 Hz
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was reached, which was 100 times more productive than previous constructions. As a
result of this technology, a magnetic refrigerator has an efficiency of 60% of the theoretical
limit as compared to the best vapor-compression refrigerants with only 40%. [6–9,11]
However, the major challenges for developing novel market-ready prototypes go beyond
the need to develop devices that are non-toxic, inexpensive, chemically reliable, and
recyclable. At least equally important if not more important are the engineering aspects,
such as facility of fabrication, modeling of the thermodynamic fluid dynamic properties
of the AMR and heat transfer medium, and design of a permanent magnet providing a
high magnetic field of ≈ 1 T with an optimized balance between magnetic flux density
and volume of the permanent magnetic material. [8,42]
Last year, a revolutionary breakthrough in magnetocaloric prototypes came on the mar-
ket. Three new prototypical systems were developed respectively by the German com-
pany Baden Aniline and Soda Factory Societas Europaea (BASF SE) [43], the American
company General Electric (GE) [44], and the French company Cooltech Applications [45].
In these devices, a Mn- and Ni-based Heusler alloy in the case of GE and a Gd-Si-Ge
alloy in the case of Cooltech Applications are utilized as working units. Additionally,
BASF SE constructed a wine cooling refrigerator with a Mn-Fe-P-Si alloy as the MCM.
2.1.2. Basic MCM characteristics
To understand the intrinsic nature of a MCM, the entropy change of a magnetic material
can be considered as three subsystems: the magnetic, ∆SM, the lattice, ∆Sl, and the
conduction electron, ∆Se, contribution (see Equation 2.1). However, in rare-earth free
Heusler alloys, the conduction electron contribution is negligible for the total entropy
owing to the itinerant nature of the magnetic 3d-electrons. In this case, the contribution
to the conductivity is similar to that of s- and p-electrons and a separation of the lattice
is only possible if the electron-phonon interaction is not taken into account. The lattice
and magnetic degrees of freedom are connected by the spin-lattice coupling [30,46].
∆Stot(H, T ) = ∆SM(H, T ) + ∆Sl(H, T ) + ∆Se(H, T ) (2.1)
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The MCE in particular is a consequence of the variation of the internal energy, U , of the
magnetic materials owing to a connection of the Gibbs free energy, G, of the magnetic
subsystem with ∆SM(H, T ) [30].
Magnetic field
Magnetic field
Adiabatic
magnetization
Adiabatic
demagnetization
Remove heat
Cool
refrigerator
content
a)
d)
b)
c)
Figure 2.1.1.: The four stages of the magnetocaloric cycle: (a) absence of an external magnetic field,
(b) adiabatic magnetization, (c) removal of heat, and (d) adiabatic demagnetization.
Fig. 2.1.1 shows the four stages of one magnetocaloric cycle, where cyclic operation as
a magnetic refrigerator is possible. At no external magnetic field and at a finite tem-
perature the magnetic moments fluctuate and the lattice vibrates [stage (a)]. However,
if an external magnetic field is applied adiabatically, which means that there is no heat
exchange with the surrounding environment, the magnetic moments align along the ap-
plied magnetic field [stage (b)]. Therefore, the total entropy remains constant and the
magnetic entropy decreases. This decrease can be compensated for increasing of the lat-
tice entropy, i.e., increasing of the material’s temperature. At this point, a heat transfer
medium (water-antifreeze, air, or helium) can be utilized to remove heat and cool the
MCM back to its initial temperature. Now, at stage (c), an adiabatic demagnetization
process can be performed, which means that the magnetic entropy will increase and the
lattice entropy will decrease. Thus, at stage (d) the magnetic moments will randomize
and the material will cool down. In this way, the external heat can be absorbed, cooling
down a refrigerator by passing a heat transfer medium through the MCM, whereas its
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temperature increases back to its initial state. In addition to this conventional magne-
tocaloric effect, there exists an inverse MCE as well. In the case of an inverse MCE,
the presence of a first order magnetostructural transition from a paramagnetic (PM) /
antiferromagnetic (AFM) martensite to a ferromagnetic (FM) austenite leads to cooling
when the MCM is magnetized and heating when it is demagnetized [7,46].
In comparison to the vapor-compression cycle, a solid material is used as the working
unit in a magnetocaloric refrigerator instead of a gas. A solid-state refrigerator operates
with a magnetic field rather than with pressure like established near-r.t. refrigerators do.
Correspondingly, the compression of a gas increases the temperature, and this expelled
heat can be removed by a heat transfer medium using a condenser. In contrast to that,
the expansion of a gas results in cooling below the ambient temperature, which can be
used to cool the refrigerant contents. Contrary to the vapor-compression cycle, it is
possible to operate a magnetocaloric refrigerator close to the Carnot efficiency owing to
its quasi-static performance [10].
The MCE can be characterized by two key figures of merit: the adiabatic temperature
change, ∆Tad, and the magnetic entropy change, ∆SM. The relationship between these
two parameters is displayed in Fig. 2.1.2. The total entropy, ∆Stot, remains constant,
but ∆Tad decreases when ∆SM increases.
Tad
SM
E
n
tr
o
p
y
S
Temperature T
H0
H1
Figure 2.1.2.: S−T diagram of a ferromagnet in a zero (H0) and a non-zero (H1) magnetic field showing
the MCE.
In comparison to ∆Tad ∆SM is easier to calculate during MCE experiments by isother-
mal magnetization. ∆SM is an isothermal-isobaric magnetization process and can be
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described by the Maxwell relation
∆SM(T, H) = µ0
Hmax∫
0
(
δ M
δ T
)
H
dH, (2.2)
where µ0 is the permeability in a vacuum and Hmax is the maximum applied magnetic
field. ∆Tad can be obtained in an adiabatic-isobaric demagnetization process by
∆Tad(T, H) = −µ0
Hmax∫
0
T
cp
(
δ M
δ T
)
H
dH. (2.3)
In most experiments the heat capacity, cp, is nearly independent of the magnetic field,
and therefore, Equation 2.3 can be expressed as
∆Tad(T, H) ≈ −
T∆SM
cp
. (2.4)
However, this equation is only valid for small magnetic fields and far away from the
transition temperature [7,30,47].
2.1.3. Famous examples and materials
Figure 2.1.3 gives an overview of ∆Tad for a variety of MCMs as function of the phase
transition temperatures (purely magnetic TC or magnetostructural Tm). A short intro-
duction to the variety of MCMs was given above. However, a more detailed under-
standing of their properties in the context of designing novel MCMs is here presented.
From Figure 2.1.3, it is obvious that the Heusler alloys with the systems Ni-(Co-)Mn-In,
Ni-Mn-Sn-Co and Ni-Mn-Ga show a moderate effect. Therefore, the question is asked,
how can be the properties of existing Heusler MCMs be tuned? In this context, a key
characteristic is the martensitic transformation, which will change the MCE. Therefore,
how the martensitic transformation can be optimized will be discussed in detail later.
Another important issue with Heusler MCMs is the aging affect owing to the frequent
cycling. Similar to Gd, Ga has limited availability owing to its primary usage as GaAs
wafers or as a dopant in the semiconductor industry. The amount of Gd needed for use as
Ga-containing magnetocaloric alloys as working units in commercial solid-state refriger-
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Figure 2.1.3.: ∆Tad for a variety of suitable magnetocaloric materials. The hatched pattern means a
second order transition with TC and the solid-filled pattern means a first order transition
with Tm. Reproduced with permission from Ref [23].
ation is difficult to come by, making commercial solid-state refrigeration more expensive.
Therefore, it is only possible to utilize these alloys in niche-market products [10].
The reference material Gd [8,12,13] shows the highest magnetic moment of 7.63 µB among
the rare-earth elements and it is ferromagnetically ordered. Gd undergoes a second
order, purely magnetic phase transition near-r.t. (TC = 293 K) with a moderate ∆Tad.
Therefore, this rare-earth metal is considered the archetype for novel magnetocaloric
refrigerators. Gd shows an hcp crystal structure [P63/mmc, Mg-structure type, space
group (sg) 194] across the entire temperature range [10,30].
Gd related alloys such as Gd5(SixGe1−x)4 [14,15] with 0.3 ≤ x ≤ 0.5 exhibit a giant MCE
near sub-r.t. in comparison to the pure metal. Therefore, they are better MCMs. They
possess a first order magnetostructural phase transition, i.e., simultaneous paramagnetic
to ferromagnetic and structural phase transitions, and a giant magnetic field induced
∆SM across their ordering temperatures. This structural phase transformation can be
induced either by temperature, magnetic field, or pressure [30,48,49]. However, those ma-
terials are only available for niche-markets because most of the worldwide yearly produc-
tion of Ge is used for electronic and optical devices, and hence the required amounts are
not available, making them as expensive as Ga [10].
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Another group of MCMs, containing lanthanides is the lanthanide hydrides
(LaFe13−xSixH) [16–18]. They show the largest MCE among alloys of first order magnetic-
or temperature-induced phase transitions at lower temperatures, and the hydride in-
creases both the magnetic moment and the critical temperature. Among the rare-earth
elements La is the least expensive; Fe and Si are also available in large amounts. How-
ever, these MCMs show brittleness after many cycles, which means that the material
is mechanically fragile, thus affecting the corrosion resistance and the lifetime of the
refrigerator.
Changing from 4f -metal containing MCMs to 3d-metal containing manganese-phosphides
[MnFeP(As,Ge,Si)] [6,19], a first order magnetostructural phase transition around TC [50]
and a correspondingly large MCE are characteristic for this class of materials. The high
entropy changes in these materials are attributed to high magnetization changes and high
3d moments. A strong magneto-crystalline anisotropy in 3d-alloys results in competing
inter- and intra-atomic interactions and leads to a modification of the metal-metal dis-
tances, which may change the magnetic moments of Fe and Mn and favor spin ordering.
In contrast to the rare-earths, their moments are not developed at low temperatures and
near-r.t., their moments are not just a fraction of their initial values. MnFeP(As,Ge,Si)
materials are attractive candidates as MCMs for magnetocaloric refrigerators. They
show no aging effects after frequent cycling owing to a change in c/a lattice ratio rather
than in the volume. A single drawback of these materials in terms of using them in
magnetocaloric prototypes is the biological activity of As. However, in comparison to
other MCMs, the cost of the materials is low [10].
The highest ∆Tad with −12.9 K in µ0∆H = 1.95 T is shown by Fe-Rh alloys owing to a
first order magnetostructural phase transition from AFM to FM at ≈ 320 K. However,
owing to the extremely high price of Rh these types of materials will at no time be
considered as working units in magnetocaloric refrigerators [30,51].
2.2. Methods for investigating the magnetocaloric effect
The characterization of MCMs can be determined either by direct or indirect methods.
In the case of direct methods, ∆Tad is obtained by taking measurements with a ther-
mocouple. However, with indirect methods, ∆SM and ∆Tad can be calculated from
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calorimetry or magnetometry. For these procedures a lower mass than that used in
direct methods is required, and the measurements are easier to perform.
2.2.1. Direct methods
The direct investigation of ∆Tad can be performed in two ways, i.e., the pulsed-field or the
ramp magnetic field method. ∆Tad is obtained as a function of the material’s starting
temperature by putting one temperature sensor on the sample and another one on a
massive nonmagnetic block at the bath temperature by changing the applied magnetic
field µ0H [52–54]. Direct methods can be found in the literature by Dankov et al. [52]. In
1997, they reported a direct measurement of the MCE in a pulsed field with Gd in a
nitrogen gas environment, which corresponds to adiabatic condition in which the sample
was not insulated by a vacuum layer. In this context, in 2005 Canepa et al. [53] published
an article referring to MCE analysis by using an electromagnet with µ0Hmax = 1 T
and Gd. This group proposed that the MCE results are very sensitive to impurities on
Gd. Later, the MCE was also investigated by Tocado, Palacios, and Burriel [54], using a
commercial calorimeter from Thermis Ltd. with a 6 T superconducting magnet.
For analysis of Ni- and Mn-based Heusler alloys, which show a giant MCE, Liu et al. [23]
used a home-built set up with a Hallbach cylinder. ∆Tad was directly measured un-
der adiabatic conditions by a generated magnetic field with permanent magnets of
∆H ≤ 1.93 T and a copper-constantan thermocouple (T -type) for monitoring of the
temperature changes of the sample. Both stayed in direct contact in vacuum, and no
overcooling / overheating occurred. In that device, polycrystalline Gd was used as a
reference material.
2.2.2. Indirect methods
Related to the indirect methods, Brown [39] reported in 1976 a heat capacity analysis to
obtain ∆SM and ∆Tad. In 2008, Basso et al. [55] published an article regarding the use
of a Peltier calorimeter, in which cp as a function of the temperature in two different
magnetic fields was investigated. Therefore, ∆SM can be calculated as the isothermal
difference of two isofield curves and ∆Tad as the isentropic difference.
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In 2012, Porcari et al. [56] reported another home-made calorimeter, which operated in
a vacuum with two Peltier elements. Thus, they were connected differentially as heat
flow sensors. This device performed with the use of an electromagnet in µ0H = 1.85 T,
and a sapphire sample was used as a reference. This apparatus is described herein in
Section 5.4.4 and 5.4.5 for investigation of the MCE. ∆SM and ∆Tad were calculated by
using the treatment of Pecharsky and Gschneidner [13].
Finally, indirect MCE characterization by magnetometry is emphasized. The investiga-
tion of temperature- and field-dependent magnetization graphs are quasi-static proce-
dures. In 2009, Caron et al. [57] reported a procedure for obtaining isothermal magneti-
zation curves in the temperature range where the martensitic transformation is present.
The ∆SM results are from the application of Equation 2.2. This method was carried out
for determination of the MCE, as described in Section 5.4.4.
2.3. Crystallography of Heusler alloys
2.3.1. General overview of Heusler alloys
Heusler alloys belong to the class of ternary intermetallic compounds. They are charac-
terized by the general composition X2Y Z [58,59], where X and Y are early main-group,
transition, or rare-earth metals and Z is a main-group element. Since their discov-
ery by Friedrich Heusler [59] in 1903, more than 1000 Heusler alloys have been reported
in the literature. Most of them crystallize into a cubic Cu2MnAl (cF 16, Fm3m [60])
structure type, whereby Mn (Y ) and Al (Z) form a rocksalt-like partial structure and
Cu (X) atoms occupy the centers of the Mn4Al4 cubes. The latter position is called the
heterocubic (HC) site. This structure type is denoted by L21 [shown in Fig. 2.3.1(a)]
according to the notation of the Strukturberichte and alternatively, as a regular Heusler
structure [61,62].
A much smaller number of X2Y Z Heusler compounds crystallize in the Li2AgSb or X-
type (cF16, F43m [60]) structure, displayed in Fig. 2.3.1(b). In the so-called inverse
Heusler structure [61,63], half of the X-type atoms are interchanged with Y -type atoms.
Here, X and Z form a NaCl-like partial structure and the HC sites are occupied by X and
Y atoms in such a way that X and Y also form a rocksalt-like partial structure [24,62,64,65].
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X
Y
Z
a) b)
Figure 2.3.1.: Unit cells of (a) regular cubic and (b) inverse cubic type of Heusler structures with the
general composition X2Y Z.
2.3.2. Martensitic transformation in Heusler alloys
After the regular (L21) and inverse (X) Heusler structures, additional crystal structures
can exist at low temperatures in Heusler alloys if a martensitic transformation is present.
In this case, a structural transition from a high temperature cubic phase, denoted as
austenite, to a low temperature martensite occurs. This structural phase transition is
a diffusionless, displacive, first order phase transition. Additionally, in Heusler alloys,
this first order phase transition is combined with a magnetic transformation from AFM,
ferrimagnetism (FIM) or PM to FM. For this reason, the martensitic transformation is
termed a magnetostructural transition as well. The high temperature phase is named
after the English metallurgist Sir W. C. Roberts-Austen and the low temperature one
to the German metallurgist A.K.G. Martens. The martensitic phase in the Fe-C system
is named after him as well. In addition to the magnetostructural transition in Heusler
alloys, a purely magnetic second order phase transformation from a ferromagnetic order
to PM has been found, e.g., in Ni-Mn-Sn Heusler alloys [21,22,24,66].
A large variety of Heusler alloys showing a martensitic transformation are known. They
range from Ni-Mn-Z, with Z = Ga, In, Sb, Sn, and Al [7–9,21,22], towards Ni-Fe-Ga [67–69],
Co-Ni-Al [70,71], and Co-Ni-Ga [72–75]. However, this Ph.D. thesis focuses on the most in-
vestigated Ni- and Mn-based Heusler alloys. The martensitic transformation in Mn-rich
Ni-based Heusler alloys is characterized by brittleness with almost no deformation be-
fore cracking, whereas Ni-rich Mn-based alloys exhibit ductility [27]. This is an important
issue that has to be considered for the design of new magnetocaloric Heusler materials.
Up to now, Ni2MnGa has been the only known Mn-and Ni-based Heusler alloy with a
stoichiometric 2:1:1 composition showing a martensitic transformation. This is present
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Figure 2.3.2.: Martensitic transformation in Heusler alloys: (a) L21 austenite structure with the marked
L10 tetragonal unit cell, (b) tetragonal unit cell with the modified lattice parameters,
and (c) top view, showing the relationship between the cubic and the tetragonal unit
cells. Schematics of (d) the 5M (10M) and (e) 7M (7M) modulated structures as a
result of shearing of the tetragonal unit cell.
at its martensitic transition temperature, TM ≈ 220 K, which is below its Curie temper-
ature, TC = 376 K. At that temperature, a transformation from a cubic (a = 5.825 Å)
to a tetragonal unit cell (a = 5.920 Å, c = 5.566 Å with c/a = 0.94) is observed [76].
Additionally, in Ni-Mn-Z Heusler alloys, with Z = Ga, In, Sb, Sn, and Al [7–9,21,22]
and low Z-contents, a transformation from the cubic (L21 or X) crystal structure to a
tetragonal (L10) unit cell exists that is associated with the ground-state structure of its
parent compound, Mn50Ni50. The relationship between the two structures is displayed
in Fig. 2.3.2(a) and (b). Separately, Fig. 2.3.2(c) shows the top view and illustrates the
relation between the cubic and tetragonal unit cell [21,22,24,66].
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However, for high Z-values, reports of monoclinic or orthorhombic modulations related
to the tetragonal unit cell can be found in the literature [66,77–79], starting from the
initial cubic crystal structure. The most common modulations are the 5M and the 7M
structures, where M refers to the monoclinicity and the numbers 5 and 7 refer to the
periodicity of the distortion. This can be seen in Fig. 2.3.2(d) and (e). Sometimes the
modulated structures 5M and 7M are termed 10M and 14M as well [21,22,24]. In addition
to these structures, more superstructures with 6 or 12 unit cells, known as 6M or 12M ,
have been reported [79,80].
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3. Magnetic and transport properties of
the Heusler series Ni2-xMn1+xSn
affected by chemical disorder
The figures and the text of this chapter is identical with the following publication, start-
ing from the Experimental Details:
T. Fichtner, G. Kreiner, S. Chadov, G. H. Fecher, W. Schnelle,
A. Hoser, and C. Felser
Magnetic and transport properties in the Heusler series Ni2−xMn1+xSn affected by chem-
ical disorder
Intermetallics 2015, 57, 101-112.
3.1. Introduction
The Heusler alloys are a fascinating class of materials. They have attracted much in-
terest owing to their great potential as functional materials for a variety of applications
such as spintronic [24,81–83], magnetocaloric [7,21,22], and storage technologies [24,81–84]. For
instance, martensitic transformation has been theoretically predicted in the Heusler com-
pound NiMn2Sn [24,25]. Therefore, the series Ni2−xMn1+xSn was chosen for an investiga-
tion of this property. During the experimental work it was found that in this series no
martensitic transformation is present. Instead, this series is used to study the influence
of chemical disorder on magnetic and transport properties as a case study.
It is well known that chemical disorder strongly influences many physical properties
of intermetallic compounds. Therefore, disorder is an important key parameter, which
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can be used to tune specific properties. Most notably disorder affects transport char-
acteristics, i.e., the electrical resistivity, the magneto-resistance, the Seebeck coefficient
of thermopower and thermal conductivity. Magnetic properties are influenced as well,
however, much weaker.
It was shown that a simple rule, which was reported first by Burch et al. [85] allows one
to predict the preferential site occupations of X and Y for all known transition metal-
based Heusler-type structures [86]. According to this rule, the early transition metals X
(furthest to the left in the periodic table) prefer to form the rocksalt-like XZ partial struc-
ture, while the late ones (those to the right) prefer the HC sites. Ni2MnSn crystallizes
according to this rule with a regular Heusler structure type, whereas NiMn2Sn is pre-
dicted to crystallize with the inverse type of structure. Recently, it was reported [86] that
inverse Heusler structures show usually a transition metal disorder of (X0.5, Y0.5)2XZ
type when quenched from elevated temperatures owing to a gained stability through the
configurational part of the entropy of mixing without losing too much enthalpy in the
configurational part of the enthalpy of mixing. The disordered crystal structure type
(X0.5, Y0.5)2XZ is called the L21b type because all HC sites are now occupied with the
pseudo atoms (X0.5, Y0.5), which makes the structure statistically regular (cF16, Fm3m).
Applying both rules, Mn2-based Heusler compounds with Y = Sc, Ti, V, Cr, Fe, Co,
and Ni are expected to crystallize for Y = Sc, Ti, V, and Cr in the ordered L21 structure
type and for Y = Fe, Co, and Ni in the disordered structure type L21b when quenched
from higher temperatures [61,63]. The experimental findings are in good agreement with
the prediction [86].
Regarding to the effect of chemical disorder on the magnetic and transport properties,
the possible first disorder scenarios in X2−xY1+xZ Heusler compounds are described.
Concerning to that, the discussion will be restricted to a substitutional type of disorder
between the transition metals X and Y, neglecting vacancies, which typically require
larger formation energies. Second, a discussion on the crystal and magnetic structure of
the Heusler series Ni2−xMn1+xSn with 0 ≤ x ≤ 1 based on X-ray and neutron diffrac-
tion measurements will follow. Third, the electronic structure of well-ordered L21 and
disordered L21b is studied by ab initio electronic structure calculations for varying x.
Finally, the magnetic and transport properties are presented, and a discussion of the
influence of disorder in this series based on structural data and ab initio calculations
will be emphasized.
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3.2. Experimental Details
Bulk samples with the general composition Ni2−xMn1+xSn with x = 0, 0.04, 0.1, 0.2,
0.4, 0.5, 0.6, 0.8, and 1.0 and of approximately 2 g and 5 g total mass have been
prepared by inductively melting the elements (Ni foil, 99.5%, Alfa Aesar; Mn pieces,
99.99%, ChemPur; Sn granules, 99.999%, ChemPur) in Al2O3 crucibles (Ø = 10 mm,
Friatec, Al23). The total mass loss for all alloys was below 1 wt%. Each sample was
then enclosed in an arc-welded tantalum ampoule at 0.3 bar Ar, which in turn was
jacketed by an evacuated fused silica ampoule. The alloys were then annealed at 973 K
for 3 weeks. Finally, the ampoules were quenched in ice water by shattering the quartz
glass ampoule.
All samples were characterized by powder X-ray diffraction (PXRD) at r.t. using an
image-plate Huber G670 Guinier camera equipped with a Ge(111) monochromator and
Cu-Kα1 radiation (λ = 1.54059 Å) in the range 10◦ ≤ 2θ ≤ 100◦. For PXRD
experiments a part of each sample was ground in an agate mortar and homogeneously
dispersed on a Mylar foil. The WinXPOW package [87] has been used for the indexing
and refinement of the lattice parameters. ZnO [NIST SRM 160a, a = 4.15629(2) Å] was
used as an internal standard.
Neutron diffraction patterns were recorded using the E6 focusing powder diffractometer
of the Helmholtz Zentrum in Berlin, Germany, using the wavelength λ = 2.448 Å. For
the composition Ni1.8Mn1.2Sn, patterns were recorded at 1.6 and 297 K, and for the
composition Ni1.2Mn1.8Sn, at 23 and 297 K. For these measurements the samples were
sealed in an Al container of Ø = 10 mm under an argon atmosphere. The crystal and
magnetic structures were refined using Jana 2006 [88]. The crystal information files (CIF)
have been deposited with the Fachinformationszentrum Karlsruhe (FIZ) [89].
Inductively coupled plasma optical emission spectrometry (ICP-OES, VISTA RL, Var-
ian) was used to check the final composition after heat treatment. Chemical analysis by
energy dispersive X-ray spectroscopy (EDXS) was performed and scanning electron mi-
croscopy (SEM) images of secondary electrons (SE) and back-scattered electrons (BSE)
were taken using a Philips XL30 equipped with a LaB6 cathode and an XFLASH R⃝ de-
tector at 15 kV. Wavelength dispersive X-ray spectroscopy (WDXS) analysis was done
using a Cameca SX-100 electron probe analyzer and elemental standards.
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Thermal analysis was performed with a differential scanning calorimeter (DSC/TG Net-
zsch STA 449C) at a heating rate of 10 K/min from r.t. up to a maximum temperature
of 1673 K.
The Vickers hardness (HV 0.1) was measured using a microhardness tester (Paar Physica,
MHT-10). The load used to evaluate the microhardness was F = 0.1 N (P = 10 g). The
Vickers hardness is determined from
HV = 1.8544P
d2
, (3.1)
where d is the diagonal length of the impression of the diamond probe (a pyramid with
apex angle = 135◦).
Magnetic and transport properties were measured by means of commercial systems
(MPMS-XL7 and PPMS with a thermal transport option). For transport measurements,
sticks of typically 2 × 2 × 8 mm3 were cut from the annealed ingots. The tempera-
tures for the transport-properties measurements were varied from 1.8 to 350 K. For the
magnetometry, the temperature range was extended up to 750 K.
3.3. Computational Details
The electronic structure of Ni2−xMn1+xSn was calculated by using different methods.
It has been performed by the colleagues S. Chadov and G. H. Fecher. The structural
optimization for well-ordered compounds with 2:1:1 stoichiometry was performed using
the full potential linear augmented plane wave (FLAPW) method as implemented in
Wien2k [90]. The exchange-correlation functional of Perdew Burke Ernzerhof (PBE) [91]
in the generalized gradient approximation (GGA) was used in all calculations. A 20 ×
20×20 k mesh was used for integration and the number of plane waves was restricted by a
muffin-tin potential RMTkmax = 8. Energy and charge convergence were simultaneously
monitored and set to 10−5 Ry and 10−3 electrons, respectively.
The mixed compounds with 2 − x : 1 + x : 1 stoichiometry are disordered alloys that can-
not easily be calculated in the FLAPW scheme. Therefore, further electronic structure
calculations were performed using the full-potential spin-polarized relativistic Korringa-
Kohn-Rostoker method (FP-SPR-KKR) [92]. This program provides the coherent po-
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tential approximation (CPA) [93,94] for calculating the properties of alloy systems with
random distributions of atoms. The calculations have been performed using the PBE
version of the GGA exchange-correlation functional [91]. The CPA tolerance was set to
10−4 and the energy convergence criterion was set to 10−5. f states were included on
the basis of all atoms. A total of 832 irreducible k points based on a 22 × 22 × 22 mesh
have been used for integration. The density of states (DOS) is calculated for the dou-
ble number of k points from the Green’s function by adding a small imaginary part of
0.001 Ry to the energy. For smaller values, the band gaps may become more visible;
however, at the same time, the DOS of ordered compounds becomes much noisier.
The finite electronic lifetime obtained from the CPA calculations allows one to compute
the residual resistivity for the disordered alloys. These calculations are based on the
Kubo-Greenwood formalism [95,96] including vertex corrections as implemented within
the framework of FP-SPR-KKR. To ensure that almost all resistivity contributions come
from the broadening provided by the CPA, in this computational mode, the imaginary
energy offset was set to be sufficiently small (0.0001 Ry). The convergence of the k
integrals was found to be sufficient when using 105 k points.
3.4. Results and Discussion
3.4.1. Disorder in transition metal-based Heusler compounds
Chemical ordering in Heusler compounds with the general formula X2Y Z or XY Z has
been discussed previously by Pauly et al. [61], and by Bacon and Plant [63]. Here, the
sampling of the ordering space was restricted to the values 0,14 ,
1
2 ,
3
4 , and 1 for the occu-
pancy parameters of X, Y , and Z. Recently, an analysis of the ordering space of X2Y Z
compounds has been published [86] assuming full occupation of the Z-type position but
allowing a continuous variation of the occupancies at the X and Y positions. For tran-
sition metal-based X2Y Z Heusler compounds, this type of sampling describes chemical
disorder by the transition metals.
Here, we present a general formula, which describes the ordering space for Heusler phases
with the general composition X2−xY1+xZ. Because of the endless possibilities, the or-
dering space is restricted to full occupation of one face centered cubic (fcc) sublattice
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with Z-type atoms. In addition, vacancies in the transition metal partial structure are
not allowed. The general formula describing the chemical disorder for the alloy series
X2−xY1+xZ is then given as follows:
(X1−u−x/2, Yu+x/2)4d(X1−v−x/2, Yv+x/2)4c(Xu+v, Y1−u−v)4bZ4a.
The superscripts denote the Wyckoff positions 4d (34 ,
3
4 ,
3
4), 4c (
1
4 ,
1
4 ,
1
4), 4b (
1
2 ,
1
2 ,
1
2), and
4a (0,0,0) in space group F43m (no. 216). The parameter x ∈ [0, 1] allows variation
of the X/Y ratio from 2:1 to 1:2, and the parameters u and v allow characterization
of the type of substitutional disorder at a constant composition. In the following, the
sequence 4d to 4a will be retained always; thus, the superscripts are dropped for better
readability.
u = v = 0
0.6, 0.6, 0
u = 0.4, v = -0.4
0.2, 1.0, 0
u = v = 0.2
0.4, 0.4, 0.4
u = v = 0.3
0.3, 0.3, 0.6
u = v = 0.25
0.35, 0.35, 0.5
u = v = 0.5
0.1, 0.1, 1.0
u = 0.6, v = -0.2
0, 0.8, 0.4
u = 0.6, v = -0.1
0, 0.7, 0.5
u = 0.6, v = 0
0, 0.6, 0.6
u = 0.6, v = 0.4
0, 0.2, 1.0
u = v = 0.1
0.5, 0.5, 0.2
u = 0.41, v = -0.21
0.19, 0.81, 0.2
u = 0.6, v = -0.4
0, 1.0, 0.2
u = 0.43, v = -0.03
0.17, 0.63, 0.4
u = 0.47, v = 0.03
0.13, 0.57, 0.5
u = 0.5, v = 0.1
0.1, 0.5, 0.6
u = 0.55, v = 0.45
0.05, 0.15, 1.0
Ni1.2Mn1.8Sn (x = 0.8)
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Mn Ni Sn
Figure 3.4.1.: Different types of substitutional disorder (Ni,Mn) for Ni1.2Mn1.8Sn. Sn al-
ways occupies the Wyckoff position 4a. For each type of disorder, a
body centered cubic (bcc) tetrahedron is shown. u, v are parameters in
(Ni0.6−u, Mn0.4+u)(Ni0.6−v, Mn0.4+v)(Niu+v, Mn1−u−v)Sn. The parameters in the sec-
ond row are occupancy factors of Ni for 4d, 4c, and 4b sites in F 43m. Distances are
given for a = 6.099 Å (x = 0.8).
Different types of chemical ordering are shown in Fig. 3.4.1, i.e., for a Heusler com-
pound having the composition Ni1.2Mn1.8Sn (x = 0.8). The general formula is then
(Ni0.6−u, Mn0.4+u)(Ni0.6−v, Mn0.4+v)(Niu+v, Mn1−u−v)Sn. For each type of disorder, a
bcc tetrahedron is shown. Each vertex of the tetrahedron corresponds to one of the
four fcc sublattices. The bcc tetrahedron is not a regular tetrahedron because four of
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the edges correspond to nearest neighbor distances d =
√
3
4 a and two of the edges to
next-nearest neighbor distances d = a2 in the Heusler structure. Disorder between Ni
and Mn on 4d, 4c, and 4b is depicted by mixed site sectors. The corresponding u and v
parameters are shown below each bcc tetrahedron. In addition, the site occupancies for
Ni on 4d, 4c, and 4b are given in the second row. The first row with u = v (nos. 11 to 16)
describes order variants of type (Ni0.6−u, Mn0.4+u)2(Ni2u, Mn1−2u)Sn with u ∈ [0, 0.5].
Here, the 4d and 4c sites in F43m are crystallographically equal and become 8c in
Fm3m. They are fully randomly mixed and occupied with Ni and Mn. At u = 0.5, the
4b site is fully occupied by Ni, and at u = 0, fully occupied by Mn. The latter variant,
i.e., (Ni0.6,Mn0.4)2MnSn, is expected to be the stable structure at elevated temperatures
using both rules as explained above. At u = v = 2−x6 = 0.2, all three sites 4d, 4c, and
4b are equally occupied by Mn and Ni (no. 14). These results in the D03 structure type
BiF3 (cF16, Fm3m). This variant has the highest entropy of the ordering space.
The second row (nos. 21 to 26) is similar to the first row, but now the majority element
Mn preferentially occupies the 4d site; i.e., there is always more Mn at the 4d site
compared to the 4c site. The last row (nos. 31 to 35) is characterized by a full occupation
of the 4d site by the majority component Mn. The general formula for this row is
given by Mn(Ni0.6−v,Mn0.4+v)(Niv+0.6,Mn0.4−v)Sn with u = 0.6 and v ∈ [−0.4, 0.4]. In
each row, the site occupation of Mn on 4b increases from left to right, while in each
column, the occupancy of the majority component Mn at the 4d site increases from top
to bottom. The general formula for the left column in Fig. 3.4.1 (nos. 11 to 31) is
given by (Ni0.6−u,Mn0.4+u)(Niu−0.4,Mn1.4−u)NiSn with u ∈ [0.5, 0.6] and u + v = 1 and
for the right column (nos. 16 to 26) by (Ni0.6−u,Mn0.4+u)(Ni0.6+u,Mn0.4−u)MnSn with
u ∈ [0, 0.4] and u = −v.
The free enthalpy of mixing, ∆mixG, is given by the relation
∆mixG = ∆mixH − T∆mixS (3.2)
.
The enthalpy and entropy of mixing contain a configurational part of mixing, contribu-
tions from the site mismatch, and thermal excitations. The latter are caused by magnetic
and vibrational contributions. The configurational part is usually dominant for disorder
among atoms of similar atomic volumes and electronegativity. Therefore, it is reasonable
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to focus on the configurational part of mixing alone for (Ni,Mn) type of disorder. For
transition metal-based Heusler compounds of X2Y Z composition, Kreiner et al. [86] has
shown that the configurational part of enthalpy of mixing is expected to be small for
disorder only at the HC sites (4d, 4c). Thus, the free enthalpy of mixing is governed at
elevated temperatures by the entropic contribution. This is the reason why all known
inverse Heusler compounds crystallize in the structure type L21b or with negligible pref-
erential site occupation when quenched from elevated temperatures. In other words, it
is difficult to obtain fully ordered inverse Heusler compounds in case of too low diffusion
rates at lower temperatures.
3.4.2. Phase analysis
In total, 9 samples with the general composition Ni2−xMn1+xSn were prepared from the
elements in this work. The results of the phase analysis are listed in Table 3.4.1. The
analytical composition (ICP-OES) for all samples is in good agreement (see Table 3.4.1)
with the nominal composition. Therefore, in the following, xnom is used to identify each
sample.
Table 3.4.1.: Results of the phase analysis for alloys of the general composition Ni2−xMn1+xSn. xnom
is the target composition. The analytical composition has been determined by ICP-OES.
xnom ICP-OES a [Å] Structure type
0 Ni2.00(2)Mn0.99(1)Sn1.00(1) 6.051(1) L21
0.04 Ni1.96(2)Mn1.04(1)Sn1.00(1) 6.050(1) unknown
0.10 Ni1.90(2)Mn1.10(1)Sn1.00(1) 6.046(5) unknown
0.20 Ni1.80(1)Mn1.20(1)Sn1.00(1) 6.047(3) L21b
0.40 Ni1.60(1)Mn1.40(1)Sn1.00(1) 6.062(2) L21b
0.50 Ni1.48(1)Mn1.48(2)Sn1.00(1) 6.068(3) L21b
0.60 Ni1.40(1)Mn1.60(1)Sn1.00(1) 6.085(7) L21b
0.80 Ni1.19(1)Mn1.80(2)Sn1.00(1) 6.099(1) L21b
1 Ni1.02(1)Mn1.97(1)Sn1.00(1) 6.114(2) L21b*
*contains in traces (≪ 1 wt%) (Ni,Mn)3Sn
The powder X-ray patterns of all alloys could be indexed with a fcc unit cell. The lattice
parameters are listed in Table 3.4.1. An increase of the lattice parameter a is expected
with increasing Mn content, because Mn atoms (rMn = 1.37 Å [97]) are slightly larger
than the Ni atoms (rNi = 1.25 Å [97]). However, it has been observed that the lattice
parameter a decreases slightly from a = 6.051(1) Å at x = 0 to a = 6.047(3) Å at x = 0.2.
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Then, the lattice parameter a increases as expected to a = 6.114(2) Å at x = 1. Lattice
parameters ranging from a = 6.03 Å to a = 6.06 Å have been reported for Ni2MnSn in
the literature [60]. The mean value a = 6.049(1) Å is in good agreement with the data
in this thesis. The lattice parameter a for NiMn2Sn was reported to be a = 6.02 Å [25]
at r.t. and a = 6.099 Å at 4 K [64]. The latter value is in agreement with this work.
However, a = 6.02 Å is much too short and is crystallochemically unreasonable.
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Figure 3.4.2.: The lattice parameter a for the alloy series Ni2−xMn1+xSn. From 0 ≤ x ≤ 0.2 the
lattice parameter shows anomalous behavior because Mn atoms are slightly larger than
Ni atoms. Dashed and solid lines represent linear fits to the data points.
A plot of the lattice parameter and a linear fit versus x is shown in Fig. 3.4.2. A similar
anomaly of the lattice parameter has been found in the alloy series Mn2−xCoGa1+x [98,99].
The crystal structure of Mn2CoGa is inverse, while MnCoGa2 crystallizes in the regular
type of structure. The lattice parameter increases from x = 0 to x = 0.5, which is in
agreement with the larger atomic radius of Ga. From x = 0.5 to x = 1, the lattice
parameter decreases, thus shows anomalous behavior. This behavior was attributed to
the enhanced covalent hybridization [98,99] between the main-group Ga and the transition
metal atoms. In the Ni2−xMn1+xSn alloy series the anomaly is observed in a much
smaller compositional range (0 ≤ x ≤ 0.2), which makes it more difficult to investigate.
Therefore, the following discussion is restricted to the study of the influence of disorder
on specific physical properties in the compositional range with normal volume behavior.
In the case of the sample having the composition NiMn2Sn (x = 1), a tiny Bragg peak at
2θ = 36.72◦ could not be indexed with the cubic unit cell, thus indicating a second phase.
The 2θ position of the additional peak is close to the 2θ position of the highest peak of
Mn3Sn (hP8, a = 5.652(3) Å, c = 4.519(2) Å [100,101]). BSE images and EDXS results for
NiMn2Sn support this view. Dark spots of this additional phase with the composition
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a) Mn2NiSn
20 µm
b) Ni1.8Mn1.2Sn
50 µm
c) Ni1.2Mn1.8Sn
50 µm
Figure 3.4.3.: SEM/BSE micrographs of (a) Mn2NiSn, (b) Ni1.8Mn1.2Sn, and (c) Ni1.2Mn1.8Sn.
Ni0.2Mn2.7Sn (EDXS) are visible in the micrograph as shown in Fig. 3.4.3a. It should
be pointed out that these spots are only visible in a small part of the total micrograph.
The amount of the second phase (≪ 1 wt%) is negligible. Therefore, this sample has
been used for further physical properties measurements. Two further micrographs are
shown in Fig. 3.4.3. Both alloys have been used for a study of the magnetic structure
using neutron diffraction. They are homogeneous according to the PXRD and the EDXS
results. The BSE image of Ni1.8Mn1.2Sn (x = 0.2) shows different shaded grains, which
are caused by a strong orientational contrast. Such a contrast is also visible for the alloy
at NiMn2Sn (x = 1) but not for Ni1.2Mn1.8Sn (x = 0.8).
3.4.3. Melting point and Vickers hardness
According to thermal analysis, Ni2MnSn (x = 0) is a congruent melting phase with an
extrapolated onset of melting at To = 1403 K. With higher Mn content (see Table 3.4.2),
the onset of melting decreases to 1144 K having the composition NiMn2Sn.
Table 3.4.2.: Extrapolated onset of melting To and HV 0.1 for alloys Ni2−xMn1+xSn.
x HV 0.1 [kg/mm2] To [K]
0 461 ± 13 1403
0.2 546 ± 6 1335
0.4 578 ± 21 1245
0.5 582 ± 7 1225
0.6 560 ± 9 1211
0.8 549 ± 6 1163
1 520 ± 22 1144
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The Vickers hardness HV 0.1, as listed in Table 3.4.2 increases with increasing Mn content
from x = 0 to x = 0.5. With a further increase of the Mn content, the hardness decreases
again. It will be shown below that Ni2MnSn has a fully ordered regular Heusler crystal
structure. With increasing Mn content, transition metal disorder (Ni,Mn) is introduced
and at x = 1, the disorder is maximized.
It is important to mention that the general formula Ni2−xMn1+xSn has been chosen and
not Mn2−xNi1+xSn. The correct way of writing the chemical formula is Mn1+xNi2−xSn
because Mn is more electropositive than Ni. However, in case of Heusler compounds,
generally, a formula of type X2Y Z is used.
3.4.4. Crystal structure
The crystal structure for Ni2MnSn and NiMn2Sn has been studied previously by Helmholdt
and Buschow [64] using neutron diffraction. The phase contrast between Ni and Mn for
X-rays is low, whereas the phase contrast between the transition metals and Sn is strong.
For neutrons, the phase contrast between Mn on the one hand and Ni, and Sn on the
other hand is strong owing to the negative scattering length of Mn (Ni: 1.03 × 10−12 cm;
Mn: −0.373 × 10−12 cm; Sn: 0.6225 × 10−12 cm). Therefore, neutron powder diffrac-
tion analysis is a suitable technique to study transition metal disorder of Ni and Mn.
In addition, neutrons are a sensitive probe for localized magnetic moments and the cor-
responding magnetic structure. Due to powder averaging, it is not possible for cubic
phases to elucidate the exact magnetic space group. Here, the information is restricted
to the magnitude and the relative orientation of the magnetic moments.
According to the previous work [64], Ni2MnSn crystallizes in the regular Heusler structure,
and NiMn2Sn crystallizes in the inverse Heusler structure with transition metal disorder.
A preferential site occupation according to the formula (Ni0.63,Mn0.37)(Ni0.37,Mn0.63)MnSn
was found for a sample quenched at 973 K. Thus, the inverse structure is slightly more
ordered than the L21b structure type but is more disordered than the L21 structure type.
In addition, it was shown that Ni2MnSn is ferromagnetic with a total moment of 5.04 µB
per formula unit. It is formed by contribution of the Mn atom at the 4b site. NiMn2Sn
was shown to be ferrimagnetic with a total moment of 2.48 µB per formula unit: the
Mn atom at 4b carries a moment of 4.49 µB and the Mn atoms at 4c and 4d (aligning
antiparallel to Mn at 4b) contribute −2.01 µB each.
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Figure 3.4.4.: Neutron diffraction patterns of (a) Ni1.8Mn1.2Sn and (b) Ni1.2Mn1.8Sn at low tempera-
tures. Circles represent the experimental data, the red solid line shows the calculated
pattern, and the gray solid line depicts the difference between experimental and calcu-
lated data. Small vertical bars (green) indicate the location of the magnetic and nuclear
reflections. Asterisks indicate Bragg reflections of Al from the sample container.
To obtain additional information on disorder and the magnetic structure for this alloy se-
ries, neutron diffraction measurements were performed at 1.6 and 297 K for Ni1.8Mn1.2Sn
and at 23 and 297 K for Ni1.2Mn1.8Sn. The Rietveld refinement results are displayed in
Section A.1 in the Appendix. The intensity versus 2θ plots of the observed and calculated
powder patterns, Bragg-reflection markers, and plot of difference curves for the pattern
at 1.6 K for Ni1.8Mn1.2Sn (a) and 23 K for Ni1.2Mn1.8Sn (b) are shown in Fig. 3.4.4.
Plots of the Rietveld refinement at r.t. are shown in Fig. 3.4.5. They are identical to
the low temperature diffraction patterns, indicating no martensitic transition is present.
Ni1.2Mn1.8Sn (x = 0.8) crystallizes as expected in the L21b structure type in space group
Fm3m [cF16, (Ni0.6,Mn0.4) on 8c (14 ,
1
4 ,
1
4), Mn on 4b (
1
2 ,
1
2 ,
1
2), and Sn on 4a (0,0,0)].
This crystal structure is best described by the formula (Ni0.6,Mn0.4)2MnSn (u = v = 0).
The Mn atoms completely occupy the 4b site, and together with the Sn atoms, a rocksalt-
like partial structure is formed (see Fig. 2.3.1). The Mn atoms at the 4b site occupy the
centers of (Ni0.6,Mn0.4) cubes with distances d =
√
3
4 a = 2.641 Å and are octahedrally
coordinated by Sn atoms at d = a2 = 3.050 Å at r.t. The remaining Ni and Mn atoms
are randomly distributed over the HC sites. An unconstrained refinement in F43m
converges to a negligible preferential site occupation of about 5%. Therefore, the final
refinement was done in space group Fm3m with 0.6 Ni and 0.4 Mn at the 8c site.
The crystal structure of all alloys except those at x = 0.04 and x = 0.1 have been
analyzed by Rietveld analysis of X-ray powder patterns. The results of the refinement
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Figure 3.4.5.: Neutron diffraction patterns of (a) Ni1.8Mn1.2Sn and (b) Ni1.2Mn1.8Sn at low tempera-
tures. Circles represent the experimental data, the red solid line shows the calculated
pattern, and the gray solid line depicts the difference between experimental and calcu-
lated data. Small vertical bars (green) indicate the location of the magnetic and nuclear
reflections. Asterisks indicate Bragg reflections of Al from the sample container.
at x = 0.2 and x = 0.8 are in agreement with the results of neutron diffraction analysis.
The best fit has been obtained in the L21b structure type. There is no indication that
the 4a site is not fully occupied by the Sn atoms. Similar results have been obtained
for x = 0.4, 0.5, 0.6, and 1.0. Due to the smaller phase contrast between Ni and Mn
for X-rays, one cannot exclude a slight preferential site occupation up to 20% for the
alloys, which have been studied only by X-rays. In summary, X-ray and neutron powder
diffraction strongly support for stoichiometric Ni2MnSn an ordered L21 structure type
while off-stoichiometric Ni2−xMn1+xSn and stoichiometric NiMn2Sn in the range 0.2 ≤
x ≤ 1 both crystallize in the L21b structure type with (Ni,Mn) disorder. At low Mn
content, the type of disorder is still unclear.
3.4.5. Band structure calculations
The total energies for Ni2MnSn for the ordered regular (L21) and the ordered inverse (X)
type of structure have been calculated. The total energies and the lattice parameters
are listed in Table 3.4.3. Ni2MnSn become for both structures ferromagnetically ordered.
The regular Heusler structure is 645 meV/f.u. more stable than the inverse type of
structure. Thus, L21 is the ground state structure for Ni2MnSn at 0 K, which is in
agreement with Burch’s rule and the experimental finding. The band structure and the
DOS of Ni2MnSn with the ordered L21 structure type are shown in Fig. 3.4.6. Whereas
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in the majority-spin channel, the Fermi energy ϵF is crossed by strongly dispersive free-
electron-like bands, the less dispersive minority-spin bands near ϵF indicate the presence
of localized states. ϵF is located in a gap of the majority DOS. This is also a minimum
in the total DOS because the majority density is nearly constant in this energy range.
Table 3.4.3.: Lattice parameters and total energies for ordered Ni2MnSn and NiMn2Sn for the L21 and
X type of structure (FM: ferromagnetic ordered; AFM: antiferromagnetic ordered; FIM:
ferrimagnetic ordered).
Compound Type a [Å] Etot/f.u. [Ry] ∆E/f.u. [meV]
Ni2MnSn L21 FM 6.0655 −20758.961170 0
X AFM 6.0596 −20758.913064 645
NiMn2Sn L21 FM 6.2292 −20034.420690 521
L21 AFM 6.1783 −20034.428691 412
X FIM 6.1499 −20034.458980 0
In the case of NiMn2Sn, the ordered inverse type of structure with ferrimagnetic ordering
turned out to be more stable than the regular type at 0 K. The antiferromagnetic and
ferromagnetic L21 type is 412 meV/f.u. and 521 meV/f.u. higher in energy, respectively.
The lattice parameters and total energies Etot are given in Table 3.4.3. These results are
in good agreement with a previous computation, in which was found that the inverse type
is 418 meV/f.u. more stable with an equilibrium lattice parameter of a = 6.149 Å [25]. It
was also predicted in this thesis that at 0 K, a tetragonal martensitic phase (c/a = 1.18)
is more stable than the cubic phase.
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Figure 3.4.6.: Electronic structure of Ni2MnSn, showing (a) the minority and (c) majority band struc-
tures and (b) the spin-resolved DOS.
For disordered crystal structures, the band structure is no longer defined. Therefore,
only the DOS will be shown at the beginning. Fig. 3.4.7 presents results of the elec-
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tronic structure calculations for NiMn2Sn, crystallizing in L21b. The spin-resolved DOS
in the ordered inverse Heusler structure X compared to that of the disordered Heusler
structure L21b is shown. The minority DOS of NiMn2Sn in the well-ordered X struc-
ture exhibits a maximum at ϵF. Such a maximum of n(ϵF) not only increases the band
energy but also tends to increase the total energy, resulting in structural instabilities.
The maximum arises from a van Hove singularity. Frequently, such singularities are
removed by a Jahn-Teller distortion of the structure that might become tetragonal [65].
There are other mechanisms that lead to the avoidance of such maxima at ϵF, e.g., chem-
ical disorder [102]. In contrast, the DOS of NiMn2Sn with the disordered L21b structure,
(Ni0.5,Mn0.5)2MnSn, shows a maximum neither for majority nor for minority states. In-
stead, the ϵF falls into a clear minimum of the minority DOS. Consequently, NiMn2Sn
is favored to crystallize in the disordered Heusler structure L21b at 0 K, which is ener-
getically more favorable by the enthalpy of mixing. In addition, at high temperatures,
the structure is stabilized by the configurational entropy of mixing ∆confmix S. This compu-
tational result using the CPA approach together with the third law of thermodynamics
strongly supports some kind of superstructure formation at low temperatures. Alterna-
tively, the tetragonal martensitic phase can become more stable as predicted in Ref [25].
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Figure 3.4.7.: Electronic density of states of NiMn2Sn with (a) the ordered inverse Heusler structure
X, (b) disordered regular Heusler structure L21b, (c) regular Heusler structure L21, and
(d) Ni1.5Mn1.5Sn with disordered Heusler structure L21b.
Fig. 3.4.7 compares the spin-resolved DOS of Ni2MnSn in the regular Heusler structure
L21 and Ni1.5Mn1.5Sn, i.e., (Ni0.75,Mn0.25)2MnSn, in the disordered Heusler structure
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L21b. Obviously, the minority DOS of both structures exhibits a minimum in the vicinity
of the ϵF. This means that the disordered L21b with random occupation of the 8c site
by Mn and Ni atoms is again stabilized.
X L
-2
-1
0
1
2
 
En
er
gy
   
E(
k)
 - 
F [
eV
]
Electron momentum   k
a)
X L
b)
 
Figure 3.4.8.: Bloch spectral function of (a) Ni2MnSn and (b) Ni1.5Mn1.5Sn.
Even though the band structure is no longer defined for random structures, it is possible
to calculate the Bloch spectral function, which may be regarded as the k-resolved DOS.
It is shown in Fig. 3.4.8 for Ni2MnSn and Ni1.5Mn1.5Sn. The latter is calculated for the
disordered L21b structure with random occupation of the 8c site by Mn and Ni. The
consequence of the random disorder is clearly visible: it causes a strong broadening of
several bands. Inspection of the band structure shown in Fig. 3.4.6 makes it obvious
that some of the strongly dispersing majority bands of the well-ordered Ni2MnSn have
almost vanished in the disordered Ni1.5Mn1.5Sn. The broadening of the bands is caused
by short lifetime of the states that are perturbed through chemical disorder scattering
of disordered atoms. The short lifetime results in an increase of the electrical resistivity
because the bands in the majority channel are largely smeared out. This affects mainly
the majority electrons and thus will influence the spin-dependent electrical transport,
which is important for spin-currents. It is interesting to note that the states are not
shifted much with respect to ϵF , even though the number of valence electrons is lower
by 1.5. The broadening of the bands at the ϵF has a pronounced impact on the electrical
transport properties, as will be seen below.
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3.4.6. Physical properties of the Ni2-xMn1+xSn alloys
3.4.6.1. Magnetic properties
The magnetic properties of Ni2−xMn1+xSn with 0 ≤ x ≤ 1 were investigated by magne-
tometry. As an example, the data for Ni1.5Mn1.5Sn are shown in Fig. 3.4.9. The tempera-
ture dependence of the susceptibility, measured in µ0H = 0.1 T, reveals a magnetic phase
transition from ferromagnetic order to PM. The Curie temperature (TC = 405 ± 2 K)
was determined from χ(T ) in low fields. Fig. 3.4.9(b) shows the magnetization curves
of Ni1.5Mn1.5Sn measured at 1.8 K. All alloys with composition 0 ≤ x ≤ 1 exhibit
similar hysteresis loops and a similar behavior of the susceptibility and temperature.
Soft magnetic behavior is observed throughout the entire composition range. The para-
magnetic Curie temperature θP = 413 K of Ni1.5Mn1.5Sn is found from a fit of the
high-temperature inverse susceptibility (range 1.8 ≤ T ≤ 750 K), where χ−1(T ) exhibits
a linear behavior [Fig. 3.4.9(c)].
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Figure 3.4.9.: (a) Temperature dependence of the volume susceptibility χ(T ) of Ni1.5Mn1.5Sn measured
during heating and cooling in an induction field of µ0H = 0.1 T. (b) The hysteresis loop
measured at 1.8 K. (c) Temperature dependence of the inverse susceptibility χ−1(T ). (d)
Saturation magnetization msat at 1.8 K from magnetometry and theoretically calculated
at 0 K for the Ni2−xMn1+xSn alloys. Dashed and solid lines represent linear fits to the
data points.
The total and partial magnetic moments have been calculated previously by Paul and
Ghosh [25]. For NiMn2Sn, they obtained a total moment of 0.91 µB/f.u. This moment
is much smaller than the experimental determined moment. The culprit is here a much
too high theoretical moment of −2.87 µB on Mn at the 8c site since the computation in
this work gives only −1.4 µB, which results in a fair agreement with the experimental
values.
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Table 3.4.4.: Magnetic properties of Ni2−xMn1+xSn alloys with 0 ≤ x ≤ 1. Listed are the valence
electron number per formula unit nV, the saturation magnetization msat at 1.8 and 300 K
per formula unit, the Curie temperature TC, and the paramagnetic Curie temperature θP.
x nV msat(1.8 K) msat(300 K) TC θP
[µB] [µB] [K] [K]
0 31 4.14 2.55 346 343
0.04 30.9 4.24 2.71 357 349
0.10 30.7 4.23 2.70 357 350
0.20 30.4 4.16 2.65 358 348
0.40 29.8 3.70 2.47 385 367
0.50 29.5 3.43 2.36 405 413
0.60 29.2 3.27 2.34 434 456
0.80 28.6 2.82 2.06 480 497
1 28 2.29 1.70 550 557
The magnetic properties of the alloy series Ni2−xMn1+xSn are summarized in Table 3.4.4.
In addition, the saturation magnetization at 1.8 K is plotted in Fig. 3.4.9(d) as a function
of x. msat and TC are nearly constant in the range from x = 0 to x = 0.2. msat decreases
and TC increases with the Mn content from x = 0.2 to x = 1.0. In Fig. 3.4.9(d), msat
can be fitted linearly by the function msat(x) = [−2.3(1)x + 4.6(1)] µB.
The magnetic moments obtained from first-principle calculations are plotted in Fig. 3.4.9(d).
The calculations are based on the L21 structure for Ni2MnSn and the L21b structure for
0 < x ≤ 1. No calculations have been performed for x = 0.04 and x = 0.1 because
the type of disorder is still unclear. The calculated total moments for Ni2MnSn and
NiMn2Sn (presented in Table 3.4.5) are in good agreement with the experimental values.
In the range 0.2 ≤ x < 1, the computed values are slightly smaller than the experimental
values. For the full range, the computed values show a linear decrease from x = 0 to
x = 1. Thus, the experimental and the theoretical values from x = 0.2 to x = 1 show the
same linear behavior. This is, however, not valid for the range 0 < x ≤ 0.2. Interpolated
values from the calculation and observed values are different. This discrepancy and the
volume anomaly strongly support a more complicated disorder / order model in this
range, a structure that is not driven by exclusively entropic contributions.
The saturation magnetization msat as a function of the valence electron concentration
nV is described for x ≥ 0.2 by the linear relationship
msat(nV) = 0.77(2) µB − 19.2(5) µB × nV(x) and the relation between nV and x is given
by 31 − 3x. msat(nV) of Ni2−xMn1+xSn does not follow a Slater-Pauling behavior. This
is expected from the DOS as shown in Fig. 3.4.7 because the ϵF is trapped in a minimum
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Table 3.4.5.: Calculated partial and total magnetic moments of Ni2−xMn1+xSn with 0 ≤ x ≤ 1. In the
case of Ni2MnSn, 4d and 4c merge to 8c.
x mcalctot m
Ni
4d m
Mn
4d m
Ni
4c m
Mn
4c m
Mn
4b m
Sn
4a
[µB] [µB] [µB] [µB] [µB] [µB] [µB]
0 4.08 0.25 0 0.25 0 3.62 −0.04
0.2 3.86 0.25 −0.48 0.25 −0.48 3.55 −0.04
0.4 3.36 0.24 −1.29 0.24 −1.29 3.51 −0.02
0.6 3.02 0.32 −1.67 0.32 −1.67 3.58 −0.01
0.8 2.49 0.23 −1.58 0.23 −1.58 3.47 0.01
1 2.29 0.12 −0.7 0.12 −0.7 3.44 0.01
of the minority states [103–106].
Neutron diffraction experiments were used to determine the site-resolved magnetic mo-
ments for Ni1.8Mn1.2Sn at 1.6 and 297 K and for Ni1.2Mn1.8Sn at 23 and 297 K. One
should keep in mind that the corresponding crystal structures (Ni0.9,Mn0.1)2MnSn and
(Ni0.6,Mn0.4)2MnSn have been obtained by quenching the equilibrium state at 973 K
to r.t. The diffusion rate in the temperature range of the magnetometer and during
neutron diffraction analysis is expected to be too small for a structural change driven
by diffusion. However, thermal excitations, i.e., the magnetic structure and the lattice
parameters, will change at low temperature. The magnetic form factor of Mn+ has been
used to refine the magnetic moments localized at the Mn sites (the magnetic form factor
for Mn2+ gives slightly higher values (∼ 0.1 − 0.2 µB) in the refinement). The magnetic
contributions from the Ni atoms have not been refined since they should be much smaller
(< 0.5 µB) compared to those of the Mn atoms. This is supported by the first-principle
calculations, which reveal only small moments (≈ 0.12 µB) for the Ni atoms at 8c, which
are parallel aligned to the Mn atoms at 4b.
The results of the refinements are given in Table 3.4.6. For (Ni0.9,Mn0.1)2MnSn (x = 0.2),
a high moment of 4.3 µB per Mn atom at the 4b site and a much smaller and antiparallel-
aligned moment of −1.4 µB per Mn atom at 8c has been found at 1.6 K. This results in
a total moment of 4.0 µB for the ferrimagnetic structure. The total magnetic moment
is mainly determined by the moment of the Mn atoms at 4b due to the small occupancy
factor of Mn at 8c. In addition, the absolute value per atom for Mn at 8c is only about
one-third of the Mn atoms at 4b. Magnetic species in transition metal Heusler com-
pounds usually show such a behavior; i.e., those that are octahedrally coordinated by
the Z atoms have higher localized moments than the same species that are tetrahedrally
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coordinated by the Z atoms. In addition, one can expect antiparallel alignment between
species at distances d =
√
3
4 a (4b−8c) and parallel alignment at distances d =
a
2 . The for-
mer distances are much smaller than the latter. The total moment mtot = 4.0 µB (1.6 K)
is in good agreement with the macroscopic experimental value msat = 4.16 µB (1.8 K)
and the calculated value mcalctot = 3.86 µB. The total magnetic moment at r.t. is about
68% of the low temperature value. This drop is mainly caused by the moments at the
octahedrally coordinated Mn atoms.
Table 3.4.6.: Total and site-resolved magnetic moments of Ni1.8Mn1.2Sn and Ni1.2Mn1.8Sn obtained
from Rietveld refinements of powder neutron diffraction data. Robs is the reliability factor
for the Bragg reflections and Rp for the profile. The total magnetic moment is given per
formula unit.
Composition T msat* mtot mMn4b mMn8c Robs Rp
[K] [µB] [µB] [µB] [µB] [%] [%]
(Ni0.9,Mn0.1)2MnSn 1.6 4.16 4.0 4.3 −1.4 1.2 2.8
297 2.65 2.7 3.0 −1.7 1.2 3.3
(Ni0.6,Mn0.4)2MnSn 23 2.82 2.8 4.6 −2.2 2.1 2.6
297 2.06 2.1 3.7 −2.0 1.8 4.0
*measured by magnetometry: 1st row at 1.8 K and 2nd row at 300 K
The refinement of (Ni0.6,Mn0.4)2MnSn yields similar results. However, one can expect
that its total moment is much smaller than that of (Ni0.9,Mn0.1)2MnSn because the site
occupation factor of Mn at 8c (0.4) with antiparallel-aligned moments is much higher.
Again, it was found that the octahedrally Mn species carry higher moments compared to
the tetrahedrally coordinated ones. The total magnetic moments are again in reasonable
agreement with the macroscopic measured values (see Table 3.4.6) and the calculated
value mcalctot = 2.49 µB.
Helmholdt and Buschow [64] have reported for Ni2MnSn a total magnetic moment of
5.04 µB/f.u., which originates only from the moment of Mn at 4b. This moment is
much higher than expected from this work and contradicts the saturation magnetiza-
tion values at low temperature (∼ 4.1 − 4.2 µB), which was determined by different
authors [26,76,107,108]. Therefore, one can assume that the refinement in this case was not
satisfactory.
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3.4.6.2. Transport properties
The alloys were investigated further for their electrical resistivity, magneto-resistance,
Seebeck coefficient of the thermopower, and thermal conductivity. Corresponding results
are summarized in Figs. 3.4.10 - 3.4.13. Generally, an increase of electrical resistivity
ρ(T ) with increasing Mn content is observed in the range 0 ≤ x ≤ 0.8; however, for x = 1,
the resistivity becomes slightly lower again. This behavior can be explained by the slight
preferential site occupation observed by Helmholdt and Buschow [64]. Additionally, the
slope of ρ(T ) decreases with the Mn content in the Mn-rich compounds, and for NiMn2Sn,
a negative slope is observed. This behavior is attributed to the occurrence of disorder
in the Heusler structure L21. Ni2MnSn crystallizes in the ordered Heusler structure
L21. The other alloys (Fig. 3.4.7) crystallize, however, in the disordered regular Heusler
structure L21b. The disorder of Mn and Ni on the 8c position results in chemical disorder
scattering that increases the residual resistivity. The increase of the resistivity with
increasing Mn content is thus not related to strong changes of the electronic structure
(compare the DOS shown in Fig. 3.4.7) but is caused by the increasing amount of
disorder on the 8c position, occupied by Ni and Mn species.
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Figure 3.4.10.: (a) Temperature dependence of the electrical resistivity ρ(T ) of Ni2−xMn1+xSn alloys
for selected compositions. (b) Comparison of the measured residual resistivity at 1.8 K
and calculated chemical disorder scattering resistivity for the Ni2−xMn1+xSn alloys.
The derivatives dρ(T )/dT of the electrical resistivity curves (not shown) reveal a constant
slope for x = 0.4 in the range from 100 to 220 K. For x = 0 to x = 0.4, the slope is not
constant but increases continuously with T , as expected for an exponentially increasing
resistivity. With increasing Mn content from x = 0.5 to x = 1.0, however, the slope is
constant from 50 to 300 K, at least. The temperature coefficient of the electric resistivity
is defined by
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α(T ) = 1
ρ(T )
dρ(T )
dT
. (3.3)
Metals usually have a positive temperature coefficient (PTC); that is, α(T ) > 0 for all
temperatures. For Ni2−xMn1+xSn alloys with x > 0.5, the temperature coefficient α
ranges from 52.6 × 10−5 K−1 for x = 0.5 to −7.9 × 10−5 K−1 for x = 1. The alloy with
x = 1 is an interesting case: It is a negative temperature coefficient (NTC) metal. Such
situation occurs when the metal acquires its critical disorder value (so-called Ioffe-Regel
limit) which is about 1.5 − 2 µΩm. Further increase of disorder leads to the efficient
electron screening of the scattering potentials and thus, to the negative α values [109].
Further, a change of the slope from PTC to NTC is expected with a zero crossing of
the temperature coefficient (α = 0) at about x = 0.9. Therefore, Ni2−xMn1+xSn alloys
with a target composition of x ≈ 0.9 might be promising candidates for measuring and
precision resistor applications. This alloy could be an attractive alternative to the well-
established technical alloys that are presently used in this kind of application.
A plot of the experimental residual resistivity ρ0 as a function of the Mn content is shown
in Fig. 3.4.10(b) and compared to the calculated chemical disorder scattering resistivity.
In general, good agreement is observed. Both curves exhibit the same trend: they
increase with increasing Mn content, which clearly indicates the increase of the chemical
disorder in the series when going from Ni2MnSn to NiMn2Sn. A noticeable deviation
appears only at x = 0.8. Compared to the other alloys, this sample might have a different
microstructure with a pronounced influence of grain boundaries on resistivity.
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Figure 3.4.11.: (a) Magnetic field dependence of the magneto-resistance and (b) magnetization, mea-
sured at 1.8 and 300 K for Ni1.9Mn1.1Sn.
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The measured magneto-resistance is shown in Fig. 3.4.11(a) for the alloy with x = 0.1. In
low fields — when the sample magnetization is not saturated as shown in Fig. 3.4.11(b)
— the magneto-resistance ratio RM = ρ/ρ0 − 1 is negative and very small (−0.7%). It
becomes much more negative once the magnetization is saturated (−9.3% for ±45 Am−1)
and remains constant up to the maximum field of ±1130 A m−1. In contrast, the
magneto-resistance at 1.8 K becomes increasingly negative at 300 K almost linearly up
to −8.3% at ±1130 A m−1.
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Figure 3.4.12.: Temperature dependence of the Seebeck coefficient of Ni2−xMn1+xSn with selected
compositions.
The Seebeck coefficient S(T ) is shown in Fig. 3.4.12. It is small in all cases, as is typical
for metals. However, for the well-ordered compound Ni2MnSn, the Seebeck coefficient
S(T ) is clearly negative throughout the entire temperature range and exhibits the highest
value of 11.5 µV K−1 at ≈ 150 K. The observed maximum of the absolute value might be
due to a phonon drag effect that appears pronouncedly only in well-ordered compounds
but not in alloys with random disorder.
Fig. 3.4.13(a) displays the temperature dependence of the thermal conductivity κ(T ).
For the end member Ni2MnSn, the thermal conductivity κ(T ) increases rapidly with a
T 3 law and a maximum appears at 90 K. For T > 90 K, κ(T ) decreases linearly with
temperature. The other alloys show an increase of κ(T ) throughout the entire tempera-
ture range. This motivated an analysis on κ(T ) in order to separate the electron κel(T )
and the phonon κph(T ) contribution by the Wiedemann-Franz-law, [110,111] assuming the
Lorenz number L = 2.44 × 10−8 W Ω K−2. This analysis is shown in Fig. 3.4.13(b).
For Ni2MnSn, the curve shapes of κel(T ) and κ(T ) are comparable. However, κph(T )
exhibits only a maximum at 35 K and remains constant for 125 ≤ T ≤ 350 K. At higher
temperatures (125 ≤ T ≤ 350 K) κ(T ) is dominated by the electronic contribution.
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Figure 3.4.13.: (a) Temperature dependence of the thermal conductivity κ(T ) of Ni2−xMn1+xSn with
selected compositions. (b) Conduction electron κel and phonon κph contribution of κ(T )
for Ni2MnSn and Ni1.5Mn1.5Sn.
In contrast, in Ni1.5Mn1.5Sn, κel(T ) and κ(T ) increase linearly with T and no maximum
occurs for κph(T ). Therefore, the contribution of κph(T ) is very small and κ(T ) is
attributed to the domination by κel(T ).
3.5. Conclusion and Summary
Heusler compounds are an interesting class of materials owing to their potential as func-
tional materials. One key parameter to influence their chemical and physical properties
is chemical disorder. A general formula, which describes the ordering space for Heusler
phases of the general composition X2−xY1+xZ, has been discussed. The formula
(X1−u−x/2, Yu+x/2)4d(X1−v−x/2, Yv+x/2)4c(Xu+v, Y1−u−v)4bZ4a describes all possibilities
of transition metal type of disorder (X, Y ) with Z sites fully occupied by a main group
element and neglecting vacancies.
It was shown that two simple rules can be used to predict the structure type of Heusler
compounds, when quenched from elevated temperatures. For the general composition
X2−xY1+xZ with X and Y being earlier and later transition metals, respectively, these
rules together predict the L21b structure type. In addition, the increase of disorder —
using the entropy as a measure — is expected with increasing X content. It is there-
fore possible to influence specific physical properties by introducing disorder just by
manipulating the content of X.
The series Ni2−xMn1+xSn has been chosen for the present study. Ni2MnSn is a congruent
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melting phase with To = 1403 K, which crystallizes in the ordered structure type L21.
All studied alloys in the range 0 ≤ x ≤ 1 belong to the phase Ni2MnSn, at elevated
temperature. With increasing Mn content, the onset of melting decreases to 1144 K for
NiMn2Sn. From x = 0 to x = 0.5, defect hardening was found and from x = 0.5 to x = 1,
softening was found. The HV 0.1 is maximal at x = 0.5 with HV 0.1 = 582 kg/mm2.
Ni2−xMn1+xSn crystallizes in the range from x = 0.2 to x = 1 in the L21b structure type,
which is the variant of the L21 structure type with maximal disorder of Ni and Mn. The
lattice parameters increase from 6.047(3) Å to 6.114(2) Å and reflects the slightly larger
volume of the Mn atom. Surprisingly, a volume anomaly was found in the range from
x = 0 to x = 0.2. Due to the lack of structure data, the reason for this anomaly is still
unknown.
Ni2−xMn1+xSn is for x = 0 ferromagnetic and at 0 < x ≤ 1 ferrimagnetic. The volume
anomaly is correlated with the values of the saturation magnetization and the Curie
temperatures. Both are constant in the range 0 ≤ x ≤ 0.2. In the range 0.2 ≤ x ≤ 1,
the findings for the magnetic structure are as follows: i) the magnetic moments of
Mn at 4b (octahedrally coordinated sites by Sn) are two to three times higher than the
moments at 8c (tetrahedrally coordinated sites by Sn); ii) Mn atoms at distances d =
√
3
4 a
are antiferromagnetically coupled; iii) the moments of Mn at 4b drop much faster with
increasing temperature than the moments at 8c; iv) the total magnetic moment is mainly
governed by the site occupancy of Mn at 8c and by the temperature; the smallest total
moment is expected for Mn-rich alloys (x = 1) at high temperatures; and v) coupling
becomes stronger with increasing Mn content; i.e., TC is increased.
The transport properties strongly depend on the chemical disorder. With increasing
disorder, i.e., with increasing Mn content, the resistivity at 300 K for x = 1 is eight
times higher than the resistivity at x = 0. Moreover, Ni2MnSn is a typical metal
with a PTC, whereas NiMn2Sn already has a small NTC. The Seebeck coefficient and
the temperature coefficient of the thermal conductivity for ordered Ni2MnSn is quite
different to the values of the disordered alloys.
In conclusion, a similar behavior can be expected for other Heusler series. The origin of
the volume anomaly is still unclear and should be addressed again and in more detail
to achieve a better understanding in the Ni2−xMn1+xSn series of the physico-chemical
properties of transition metal-based Heusler alloys.
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4. Martensitic transformation of
Mn-rich Ni-based ferromagnetic
shape memory Heusler alloys
4.1. Introduction
Heusler alloys that belong to the FSMAs have been a remarkable class of materials since
they were reported by Ullakko et al. [20] two decades ago. FSMAs are ferromagnetic and
show a magnetic field- and temperature-induced martensitic transformation. SMAs in
contrast to FSMAs were limited to a temperature-induced martensitic transformation.
Most shape memory Heusler alloys contained Ni. Those with Mn and Ga, In, Sn, and
Sb [7–9,21,22] were the most investigated compounds. They were characterized by large
magnetic field-induced strain [112,113], large magneto-resistance [114,115], and a significant
magnetocaloric effect [23,116–118].
Mn-rich Ni-based Heusler alloys have recently become the focus of research owing to
their high localized magnetic moment of 4.0 µB at the Mn atom and their potential
for enhanced magnetocaloric properties [116,119]. Mn-rich Mn50Ni50−ySny Heusler com-
pounds were reported to show a significant exchange bias field [120], large magnetic en-
tropy change [121,122], small thermal hysteresis, and large magnetization change at the
martensitic transformation [123]. However, little attention has been paid to the effect of
annealing on those compounds [118], which is next to substitution another important tool
to tune and improve the MCE.
The influence of post-annealing on the martensitic transformation of Ni-rich Ni-Mn-Sn
alloys was studied by Schagel, McCallum and Lograsso [124] on bulk material, and by
Xuan et al. [125] on ribbons. Schagel, McCallum and Lograsso [124] reported that the
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magnetization change at the martensitic transformation was dependent on the anneal-
ing time. After an annealing time of approximately four weeks at 1223 K they observed
the highest magnetization change during the martensitic transformation and no overlap
of the transition temperatures. Xuan et al. [125], on the other hand, reported that anneal-
ing of ribbons resulted in an increase in the reverse martensitic transition temperature
(TA) from 230 K (melt-spun) to 265 K (annealed at 1173 K). Concomitantly, the Curie
temperature of the austenite T AC increased from T AC = 270 K (melt-spun) to T AC = 275 K
(annealed at 1173 K). The reason for the increase of TA and T AC is attributed to stress
and structural relaxation during post-annealing [118].
For studying the effect of annealing on the martensitic transformation, first, it is required
to describe the influence of the substitution of the 14th-main group element Sn on the
binary tetragonal alloy Mn50Ni50. This is emphasized in the first part of this chapter as
a systematic analysis of the Mn-rich Heusler series Mn50Ni50−ySny by investigating the
crystal structure, phase analysis, and magnetic and transport properties. Secondly, a dis-
cussion on the effect of annealing on the martensitic phase transformation of two selected
Mn-rich Ni-based Heusler alloys, i.e., Mn50Ni40Sn10 and Mn50Ni41Sn9 is highlighted.
4.2. Experimental Details
Bulk Mn50Ni50−ySny with y = 23, 19, 17, 15, 13, 11, 10, 9, 7, 5, and 3 alloys with a
total mass of 2 g (∆y = 2) or 5 g (y = 11, 10, 9, 7, 5, and 3) were prepared by inductive
melting of the elements (Ni foil, 99.9%, ChemPur; Mn pieces, 99.99%, ChemPur; Sn
granules, 99.999%, ChemPur) in Al2O3 crucibles (Ø = 10 mm, Friatec, Al23). The total
mass loss was ≤ 1 wt.%. A subsequent heat treatment for 3 weeks was performed by
encapsulating the alloys in an arc-welded tantalum ampoule at 0.3 bar Ar and jacketing
them in an evacuated fused quartz glass ampoule. The alloys with the composition
y = 23, 19, 17, 15, 13, 11, and 10 were annealed at 973 K (Mn50Ni37Sn13: onset of
melting at To = 1142 K from DSC analysis) and those with y = 9, 7, 5, and 3 at 1073 K
(Mn50Ni45Sn5: To = 1260 K). Finally, all alloys were quenched in ice-water by shattering
the silica ampoule. These alloys are termed as-prepared samples [118].
For post-annealing, the powders were ground in a WC / Co mortar and an agate mor-
tar, and sieved to grain sizes, d, of ≤ 50 µm for Mn50Ni40Sn10 and ≤ 100 µm for
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Mn50Ni41Sn9. Subsequently, the powders were enclosed in an arc-welded tantalum am-
poule at 0.3 bar Ar, which in turn was jacketed by an evacuated fused quartz glass
ampoule. Finally, both ampoules were annealed for 24 h at 873 K and cooled to r.t.
over 48 h. These alloys are named as post-annealed powders [118].
To characterize the alloys, powder XRD measurements were performed at r.t. using
an image-plate Huber G670 Guinier camera equipped with a Ge(111) monochromator.
The compounds were analyzed by using Cu-Kα1 radiation (λ = 1.54059 Å) in the range
10◦ ≤ θ ≤ 100◦. A small amount of powder was homogeneously dispersed on Mylar
foil. The WinXPOW package [87] was used to determine the lattice parameters. The Le
Bail fitting was carried out by Jana2006 [88,118].
Thermal analysis was performed with a differential scanning calorimeter (DSC/TG Net-
zsch STA 449C) at a heating rate of 10 K/min from r.t. to a maximum temperature
of 1673 K for the alloys Mn50Ni50−ySny with y = 23, 19, 17, 15, 13, 11, 10, 9, 7, 5,
and 3 [118]. According to the sample preparation method of Krenke [66], the martensitic
transformation temperatures in Mn50Ni40Sn10 and Mn50Ni41Sn9 were investigated in a
temperature range of 183 − 873 K at a heating rate of 5 K min−1.
ICP-OES by means of a spectrometer VISTA (Varian Inc.) was used to analyze the
final composition after annealing. Chemical analysis by EDXS was performed and SEM
images of SE and BSE were taken using a Philips XL30 system with a LaB6 cathode
and an XFLASH R⃝ detector at 15 kV. WDXS analysis was done using a Cameca SX-100
electron probe analyzer and elemental standards [118].
Magnetic and transport properties were investigated by means of commercial systems
(MPMS3, MPMS-XL7, and PPMS with a thermal transport option) and by a home-
built setup (TMA). The temperatures for the magnetic properties measurements were
performed in the range from 1.8 to 700 K [118]. For the transport properties a paral-
lelepiped bar of typically 2 x 2 x 8 mm3 was used and the temperature varied from 1.8
to 350 K.
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4.3. Results and Discussion
4.3.1. Phase analysis
Tetragonal Mn50Ni50 alloys with a small substitution of Sn were reported to show a
martensitic transformation from a high temperature austenite to a low temperature
martensite [26,66,126,127]. This martensitic structure was obvious in the optical or SEM
microscopy as a lamellar-like microstructure, resulting from twin variants. For this
reason, the prepared compositions with a small Sn-content, i.e., those with ynom = 13,
11, 10, 9, 7, 5, and 3 were selected to characterize their microstructures. Fig. 4.3.1 shows
for each composition two different micrographs, which are marked by using the subscript
i.
Figs. 4.3.1(a1), (b1) and (c1) displays the polarized light images of Mn50Ni50−ySny with
ynom = 13, 11, and 10. They revealed a matrix with an embedded secondary phase, indi-
cating a two-phase material. However, in the BSE images in Figs. 4.3.1(a2), (b2) and (c2)
it is more obvious that the secondary phase was formed along the grain boundaries. The
compositions of the main phases possessed a slightly higher Ni- and Sn-content, whereas
in comparing to that a lower amount of Mn. Hence, the secondary phase was enriched
with the residual Mn-content, resulting, e.g., for ynom = 10 in Mn68.9Ni28.8Sn2.3 for the
secondary phase and in Mn47.0Ni41.8Sn11.2 for the main phase (shown in Table 4.3.1).
The errors of the SEM/EDXS analyses are estimated to be ± 0.5 at.%. The resulting
Mn-rich secondary phase was described as the γ-phase in the literature [128]. Liu et al. [128]
reported the presence of this phase in Ni-Fe-Co-Ga alloys and ascribed the absence of
martensitic transformation in the altered austenitic matrix to the γ-phase [118].
In the present study, it was found that a tiny variation of the composition of ≈ 1 at.%
changed the microstructure completely, as shown for Mn50Ni41Sn9 in the polarized light
image in Fig. 4.3.1(d1) and the SE image in Fig. 4.3.1(d2). This microstructure, with
its martensitic domains and needle-like shapes, revealed a martensitic structure at r.t.,
which confirms a martensitic transformation. For this alloy, SEM/EDXS analysis re-
vealed a composition of Mn48.9Ni41.7Sn9.4, which is close to the nominal composition [118].
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Figure 4.3.1.: Optical and SEM/EDXS-micrographs for the Heusler series Mn50Ni50−ySny: (a1) polar-
ized light and (a2) back-scattered electron (BSE) images of ynom = 13; (b1) polarized
light and (b2) BSE images of ynom = 11; (c1) polarized light and (c2) BSE images of
ynom = 10; (d1) polarized light and (d2) secondary electron (SE) images of ynom = 9;
(e1) polarized light and (e2) BSE images of ynom = 7; (f1) polarized light and (f2) BSE
images of ynom = 5; (g1) polarized light and (g2) BSE images of ynom = 3.
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A further decreasing of the Sn-content in ∆ynom = 2 steps resulted in a martensite at r.t.
as well. The corresponding optical and BSE images are shown in Fig. 4.3.1(e1) − (g2).
For instance, for ynom =5 the composition obtained from EDXS is Mn49.2Ni45.6Sn5.2,
which is close to the nominal composition.
Table 4.3.1.: Compositional analysis of the Mn50Ni50−ySny alloys with ynom = 13, 11, 10, 9, 7, 5,
and 3 by using of different methods, e.g., SEM/EDXS, WDXS, and ICP-OES, separated
according to its related phases [γ, Heusler (fcc), and L10]. Also included are the valence
electron concentrations, e/a, of the prepared alloys.
ynom Phase Method at.% Mn at.% Ni at.% Sn e/a
13
Heusler (fcc) EDXS 44.4 39.4 16.2
7.33WDXS 45.3 39.1 15.6
γ EDXS 69.9 26.6 3.5
11
Heusler (fcc) EDXS 46.0 41.2 12.8
7.51WDXS 47.7 40.2 12.1
γ EDXS 68.8 28.7 2.5
10
Heusler (fcc) + γ ICP-OES 49.9 40.1 10.0
7.6Heusler (fcc) EDXS 47.0 41.8 11.2WDXS 48.6 40.5 10.9
γ EDXS 68.9 28.8 2.3
9 L10
ICP-OES 49.7 41.3 9.0
7.69EDXS 48.9 41.7 9.4
WDXS 50.6 40.5 8.9
7 L10
ICP-OES 49.8 43.3 6.9
7.87EDXS 49.1 43.0 7.9
WDXS 49.7 42.9 7.4
5 L10
ICP-OES 49.7 45.3 5.0
8.05EDXS 49.2 45.6 5.2
WDXS 50.7 44.2 5.1
3 L10
ICP-OES 49.8 47.2 3.0
8.23EDXS 49.4 47.5 3.1
WDXS 51.3 45.7 3.0
From these results it is clear that a small substitution of Ni by Sn (Mn50Ni50−ySny)
in tetragonal Mn50Ni50 had the same effect as in Ni-rich Mn-based Heusler alloys [26,66].
Both series showed in the case of a small Sn substitution a martensitic microstructure at
r.t. However, further analyses were required to find out if in Mn-rich Ni-based Heusler
alloys with a higher Sn-content a martensitic transformation is present below r.t., re-
sulting in an austenitic phase at r.t. For instance, an adequate investigation method to
answer this question would be a thermal analysis or a magnetic measurement. This was
performed and will be described in detail later.
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Additionally, ICP-OES analysis for ynom = 10, 9, 7, 5, and 3 was carried out to verify the
bulk composition. For instance, the results showed that the mean analytical composition
of the alloy Mn50Ni40Sn10 has been found to be Mn49.9Ni40.2Sn10.0, which is close to
the nominal composition (listed in Table 4.3.1). For the compound Mn50Ni41Sn9, an
analytical composition of Mn49.7Ni41.3Sn9.0 was obtained. The estimated errors of the
ICP-OES analysis are ± 0.2 at.%. Therefore, the analytical compositions of these alloys
are in good agreement with their nominal compositions [118].
4.3.2. Crystal structure
In order to study the martensitic transformation in Mn50Ni50−ySny with ynom = 23, 21,
19, 17, 15, 13, 11, 10, 9, 7, 5, and 3 r.t. PXRD analysis was performed. Table 4.3.2 shows
the results of this investigation. Alloys with nearly the stoichiometric 2:1:1 composition
(ynom = 23) could be indexed to an fcc with a lattice parameter of a = 6.108(1) Å, indi-
cating the formation of a cubic Heusler compound [Heusler (fcc)]. The PXRD pattern
of this alloy is shown in Fig. 4.3.2(a). However, a slightly reduction of the Sn-content by
∆ynom = 2 caused a two phase region, showing the Heusler-type structure, and β-Mn
(cP20, P4132, sg: 213) [28,60] as secondary phase. This latter structure type was denoted
as A13 according to the notation from Strukturberichte. Both phases were present in
the range between 15 ≤ ynom ≤ 21. For instance, the diffraction pattern of ynom = 19
is displayed in Fig. 4.3.2(a), in which most of the Bragg reflections could be indexed
fcc with a lattice parameter a of 6.074(1) Å, corresponding to a Heusler-type crystal
structure. The remaining Bragg reflections belong to a β-Mn as a secondary phase
[a = 6.503(1) Å]. For more information, the residual Mn-rich Ni-based Heusler alloy
PXRD patterns are displayed in the Appendix in Section A.2.
A further decrease of Sn, e.g., ynom = 11 in Fig. 4.3.2(a), changed the crystal structure
of the secondary phase, whereas the Heusler-type crystal structure remained unaffected.
Only its lattice parameter decreased to a = 6.007(1) Å. The Bragg reflections of the
secondary phase originated from a fcc γ-phase of Mn-Ni with a lattice parameter of
a = 3.724(2) Å. Both determined crystal structures supported the SEM/EDXS analysis,
which resulted in analytical compositions of Mn46.0Ni41.2Sn12.8 and Mn68.8Ni28.7Sn2.5.
This γ-phase was known to be present in Ni-based Heusler alloys [128–130], appearing as a
secondary phase next to the austenite. Thus, the γ phase is responsible for a reduction
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of the magnetization change during the martensitic transformation, and moreover, for a
suppressing of the martensitic transformation [118]. This γ phase as secondary phase next
to the Heusler-type crystal structure was present in amounts of Sn of 10 ≤ ynom ≤ 13.
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Figure 4.3.2.: (a) PXRD pattern of Mn50Ni50−ySny with ynom = 23, 19, 11, and 3 at r.t. (b) Related
lattice parameters atetr. ·
√
2 and 2 ctetr. or acub. as function of y. (c) Vatom as function
of y. "A" indicates the austenite, "β" the β-Mn, "γ" the fcc Mn-Ni phase, and "M" the
martensite.
Furthermore, the lattice parameter a of the L21 Heusler-type crystal structure decreases
from high to low Sn content down to a = 5.997(2) Å for ynom = 10 in Table 4.3.2.
The largest lattice parameter of a = 6.108(1) Å was observed for Mn50Ni27Sn23. A
reason for this behavior could be the smaller radius of Ni (rNi = 1.25 Å [97]) compared
to Sn (rSn = 1.39 Å [97]). Below the lower limit the Heusler-type crystal structure was
energetically less favorable at r.t., causing a crystal structure change to L10 (P4/mmm,
CuAu structure type, sg: 123). Both can be seen in Fig. 4.3.2(b) and (c) as the lattice
parameters (atetr. ·
√
2, 2 ctetr. or acub.) and the average volume per atom (Vatom) of the
fcc Heusler-type and CuAu crystal structure versus y.
Therefore, at r.t. the Heusler-type phase in the alloy Mn50Ni41Sn9 revealed a marten-
sitic tetragonal crystal structure L10 with lattice parameters of a = 2.773(1) Å and
c = 3.444(2) Å. The c/a-ratio is ≈ 1.24. In addition to this martensite, there was also
an austenitic phase with a lattice parameter of a = 2.990(1) Å (A2, Im3m, tungsten
structure type, sg: 229). A crystal structure with a higher order (CsCl structure type,
Pm3m, sg: 221) was indicated by a tiny Bragg reflection at 2θ = 53.72◦, which was
not indexed to the tungsten structure type [118].
An additional, slightly decrease of the amount of Sn (3 ≤ ynom ≤ 7) resulted in a
single tetragonal crystal structure (L10) at r.t. For instance, the diffraction pattern
of ynom = 3 could be indexed in an L10 crystal structure with lattice parameters of
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a = 2.667(1) Å and c = 3.525(1) Å, shown in Fig. 4.3.2(a). The c/a-ratio is ≈ 1.32.
These lattice parameters are comparable to the tetragonal parent compound Mn50Ni50
(a = 2.640 Å, c = 3.520 Å and c/a = 1.33) [131,132]. However, the a-axis is elongated and
the c-axis is compressed owing to a substitution of Sn and a comparable radius of Sn
(rSn = 1.39 Å [97]) and Mn (rMn = 1.37 Å [97]). Therefore, the additional amount of Sn
might occupy the Wyckoff position 2d (1/2,0,1/2), whereas the Wyckoff position of Mn
2a (0,0,0) remained unaffected.
Table 4.3.2.: Crystal structure, its related lattice parameters a, b, and c, and the corresponding c/a-
ratio of the series Mn50Ni50−ySny with ynom = 23, 21, 19, 17, 15, 13, 11, 10, 9, 7, 5, and
3.
Lattice parameter
ynom Structure type a [Å] b [Å] c [Å] c/a
23 Heusler (fcc) 6.108(1) 6.108(1) 6.108(1) 1.00
21 Heusler (fcc) 6.090(1) 6.090(1) 6.090(1) 1.00
A13 6.519(3) 6.519(3) 6.519(3) 1.00
19 Heusler (fcc) 6.074(1) 6.074(1) 6.074(1) 1.00
A13 6.503(1) 6.503(1) 6.503(1) 1.00
17 Heusler (fcc) 6.059(1) 6.059(1) 6.059(1) 1.00
A13 6.485(2) 6.485(2) 6.485(2) 1.00
15 Heusler (fcc) 6.047(1) 6.047(1) 6.047(1) 1.00
A13 6.468(1) 6.468(1) 6.468(1) 1.00
13 Heusler (fcc) 6.033(2) 6.033(2) 6.033(2) 1.00
γ 3.732(3) 3.732(3) 3.732(3) 1.00
11 Heusler (fcc) 6.007(1) 6.007(1) 6.007(1) 1.00
γ 3.724(2) 3.724(2) 3.724(2) 1.00
10 Heusler (fcc) 5.997(2) 5.997(2) 5.997(2) 1.00
γ 3.724(4) 3.724(4) 3.724(4) 1.00
9 L10 2.773(1) 2.773(1) 3.444(2) 1.24
A2 2.990(1) 2.990(1) 2.990(1) 1.00
7 L10 2.723(2) 2.723(2) 3.510(4) 1.29
5 L10 2.692(2) 2.692(2) 3.526(1) 1.31
3 L10 2.667(1) 2.667(1) 3.525(1) 1.32
The results from the phase analysis using X-rays are in reasonable agreement with the
microstructure investigation of Mn50Ni50−ySny with ynom = 13, 11, 10, 9, 7, 5, and 3 in
Section 4.3.1.
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4.3.3. Physical properties of the Mn50Ni50−ySny alloys
4.3.3.1. Thermal analysis
To my knowledge no detailed magnetic and structural isoplethal section on the series
Mn50Ni50−ySny has been reported. Only two isoplethal sections on Mn-rich Ni-based
Heusler alloys in a narrow composition range close to the tetragonal parent compound
Mn50Ni50 and close to an amount of Sn ≈ 9.5 at.% were reported by Ghosh and Man-
dal [122], and Ma et al. [123], respectively.
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Figure 4.3.3.: (a) Thermal analysis of Mn50Ni50−ySny with ynom = 10, 9, 7, 5, and 3 in cooling and
heating modes. Arrows indicate the austenitic TA, martensitic TM, disorder / order B2
/ Heusler fcc T B2/Heusler(fcc)t and intermediate transition temperatures TI. (b) Mag-
netic isoplethal section of Mn50Ni50−ySny with the paramagnetic (PM), the ferrimagnetic
(FIM) and the ferromagnetic (FM) phase and the corresponding magnetic transition tem-
peratures (austenitic T AC and martensitic Curie temperatures T MC ). As structural part of
the isoplethal section are shown the tetragonal (L10) phase, the fcc Heusler-type crystal
structure, the CsCl-structure type (B2) and an intermediate (IM) phase with the related
transition temperatures (TA, TM, T B2/Heusler(fcc)t and TI).
Therefore, thermal analysis of the series Mn50Ni50−ySny with ynom = 23, 21, 19, 17, 15,
13, 11, 10, 9, 7, 5, and 3 was carried out to investigate a detailed phase diagram. The
thermal analysis as function of temperature of the Mn50Ni50−ySny Heusler alloys with
3 ≤ ynom ≤ 10 is displayed in Fig. 4.3.3(a). According to the literature [123], Mn50Ni47Sn3
showed the expected martensitic transformation at TM = 755 K and a reverse martensitic
transition at TA = 814 K, listed in Table 4.3.3 as well. Its thermal hysteresis ∆ THyst
was with 59 K very high but comparable to that published by Ma et al. [123] for ynom = 0,
and 2. Besides TA and TM, there existed another peak, however, only in the heating
mode. It belongs to a disorder / order transition from B2 to a fcc Heusler-type crystal
structure [T B2/Heusler(fcc)t = 891 K], which is well known in Ni-Mn-Ga and Cu-Mn-Al
Heusler alloys, and reported in the literature [133,134]. However, in those compounds,
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T
B2/Heusler(fcc)
t is obvious in the cooling and heating mode. In Mn50Ni50−ySny, it might
a special case to be present only in the heating mode. Therefore, a closer look into this
phenomenon is required but it is beyond the scope of this Ph.D. thesis.
Table 4.3.3.: Martensitic transition temperatures as determined by thermal analysis: intermediate tran-
sition temperature (TI), martensitic start temperature (Ms), martensitic finish tempera-
ture (Mf), inflection point of the martensitic transition (TM), austenitic start temperature
(As), austenitic finish temperature (Af), inflection point of the austenitic transition (TA),
thermal hysteresis (∆ THyst {= TA - TM}), and disorder / order transition from B2 to
Heusler (fcc) [T B2/Heusler(fcc)t ].
ynom TI Ms Mf TM As Af TA ∆THyst T
B2/Heusler(fcc)
t
[K] [K] [K] [K] [K] [K] [K] [K] [K]
10 219 280 249 257 249 296 273 16 775
9 298 314 263 291 319 372 350 59 780
7 ... 453 421 446 465 567 515 69 787
5 ... 604 568 586 655 751 721 135 832
3 ... 761 718 755 803 843 814 59 891
With increasing Sn-content TA, TM, T
B2/Heusler(fcc)
t were shifted to lower temperatures,
whereas T B2/Heusler(fcc)t was not as highly affected by the substitution of Sn as TA and
TM. For instance, for ynom = 7 TA = 515 K, TM = 446 K, and T
B2/Heusler(fcc)
t = 787 K
was obtained in comparison to TA = 721 K, TM = 586 K, and T
B2/Heusler(fcc)
t = 832 K
for ynom = 5.
Surprisingly, Mn50Ni40Sn10 exhibited a martensitic phase transformation (TM = 257 K)
below r.t. In view of the microstructure, which exhibited the fcc Heusler-type crystal
structure and the γ phase as secondary phase, it was not expected. Perhaps a rea-
son could be the aforementioned presence of the γ phase, indicating a reduction of the
magnetization change during the martensitic transformation or an absence of the marten-
sitic transition, respectively. However, the presence of the martensitic transformation
in Mn50Ni40Sn10 is in good agreement with the literature [120,126,135]. Additionally, in
the heating mode an additional peak at 219 K next to TA and T
B2/Heusler(fcc)
t could
be observed. It exists in the alloy Mn50Ni41Sn9 at 298 K as well. This peak indicates
the presence of an intermediate phase transition below the reverse martensitic transition
temperature TA. It is attributed to an intermartensitic transition, which is also well
known in Ni-Mn-Ga Heusler alloys [136–138].
From the results of the thermal analysis the isoplethal section of the series Mn50Ni50−ySny
with ynom = 23, 21, 19, 17, 15, 13, 11, 10, 9, 7, 5, and 3 is established and shown in
Fig. 4.3.3(b). It contains the results from the magnetic properties of this studied series
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as well. However, it will be discussed in the following Section. Clearly, with increas-
ing amount of Sn, TA and TM decreased rapidly, whereas the onset of melting To and
T
B2/Heusler(fcc)
t showed a small decrease. Even T B2/Heusler(fcc)t is constant from ynom = 7
to 10.
Additionally, the phase diagram revealed that the composition ynom = 10 was the thresh-
old for the presence of the martensitic transformation in the studied Heusler series
Mn50Ni50−ySny. In Mn-rich Ni-based Heusler alloys with 10 < ynom ≤ 13 an fcc
Heusler-type crystal structure and an γ phase were obtained across the entire tempera-
ture range. Just a second order magnetic phase transition from FM to PM was present,
e.g., for ynom = 13 at T AC = 317 K [shown in Fig. 4.3.3(b)]. As mentioned before, the ab-
sence of martensitic transformation is attributed to the presence of the γ phase. Hence,
the presence of the γ phase in this composition range (10 < ynom ≤ 13) probably sup-
presses the martensitic transformation. Additionally, to reinforce this result, exactly in
the same composition range but in Mn-rich Ni-Mn-In Heusler alloys the presence of a
γ phase was reported by Miyamoto, Nagasako and Kainuma [139]. There the γ phase
affected the martensitic transformation as well.
4.3.3.2. Magnetic properties
As mentioned before, the magnetic properties of the Heusler series Mn50Ni50−ySny were
determined by magnetometry. Fig. 4.3.4 shows the temperature dependent magnetiza-
tion for a selection of alloys, e.g., ynom = 13, 11, 10 and 9. The magnetic measurements
in field cooling and field heating modes starting from 400 K were carried out in µ0H
of 0.1 T. Clearly, ynom = 13, and 11 revealed a purely second order magnetic phase
transition from FM to PM at T AC = 317 or 284 K, respectively. The presence of the
secondary phase γ in 10 ≤ ynom ≤ 13 is probably a reason for the suppressed marten-
sitic transformation in these compositions. Additionally, the absence of a martensitic
transformation in Heusler alloys with a higher amount of Sn (15 ≤ ynom ≤ 23) is in
good agreement with the previous results in this present study.
A slightly reduction of the Sn-content by ≈ 1 at.% changed the magnetic properties of
the Heuser series Mn50Ni50−ySny completely as is summarized in the isoplethal section in
Fig. 4.3.3(b). Concerning Mn50Ni40Sn10, three phase transformations are shown (from
low to high temperature): i.) a magnetic transformation in the martensite with a Curie
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Figure 4.3.4.: (a) Temperature dependence of magnetization of Mn50Ni50−ySny for selected composi-
tions in µ0H = 0.1 T. (b) Enlargement of ynom = 9 in the range of the martensitic
transformation.
temperature, T MC = 144 K; ii.) a magnetostructural transformation with a martensitic
start temperature, Ms = 221 K, a martensitic finish temperature, Mf = 175 K, and
an inflection point of the martensitic transition, TM = 202 K; and iii.) a magnetic
transformation in the austenite with a Curie temperature, T AC = 274 K. The martensitic
transformation temperatures were below r.t. Therefore, the austenite phase found at r.t.
from the PXRD and microstrucutre analysis is verified [118]. Additionally, these results
are in good agreement with the thermal analysis, in which a martensitic transformation
in this two phase material was obtained.
Table 4.3.4.: Martensitic transformation temperatures of the series Mn50Ni50−ySny with ynom = 13,
11, 10, 9, and 7 as determined by magnetometry and measured with powder: average of
cooling and heating of the Curie temperature of the martensitic phase (T MC ), and average
of cooling and heating of the Curie temperature of the austenitic phase (T AC ).
ynom Ms Mf TM As Af TA ∆ THyst T MC T AC
[K] [K] [K] [K] [K] [K] [K] [K] [K]
13 ... ... ... ... ... ... ... ... 317a
11 ... ... ... ... ... ... ... ... 284a
10 221 175 202 183 228 209 7 144 274
9 306 298 302 302 310 308 6 121 320
a measured as a piece of sample
The magnetization change during the martensitic transformation in Mn50Ni40Sn10 was
≈ 30 Am2 kg−1, which indicates a different magnetic order between the austenite and
martensite. Thus, the austenite ordered ferromagnetically, whereas the martensite orders
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ferrimagnetically [118]. In comparison to other Heusler alloys [116,119] this alloy showed a
reduced thermal hysteresis ∆ THyst of 7 K, which is comparable to publications by Han
et al. [117] and Ma et al. [123].
A further decrease of ≈ 1 at.% Sn, i.e., at the composition Mn50Ni41Sn9, caused an
increase of Ms, Mf , and TM to higher temperatures (see Table 4.3.4). Therefore, at r.t.,
the austenite and martensite are found to be present, which verifies the phase content
of the alloys listed in Table 4.3.2 and displayed in the Appendix in Section A.2 [118]. A
comparison of the magnetization of the austenite and martensite during the martensitic
transformation at µ0H = 0.1 T showed that the differences are quite small, which means
that the martensite showed PM and the austenite ordered antiferromagnetically. Thus,
the main contribution during the martensitic transformation came from the structural
distortion. [118].
This phenomenon was also observed, when lowering the Sn-content again by
∆ynom = 2 (shown in Section A.3 in the Appendix). However, it is more pronounced
owing to smaller substitution of Sn (3 ≤ ynom ≤ 7) close to the tetragonal parent
compound Mn50Ni50. Therefore, these results are in reasonable agreement with the
literature [27,123,131,132].
4.3.3.3. Transport properties
A selection of alloys were also investigated for their electrical resistivity ρ(T ) and ther-
mal conductivity κ(T ), i.e., Mn50Ni40Sn10 and Mn50Ni41Sn9. The results in absence
of an external magnetic field µ0H starting from 400 K are displayed in Figs. 4.3.5(a)
and (b). The martensitic transformation was obvious by a thermal hysteresis, which
indicated a first order magnetostructural phase transition. Thus, Mn50Ni40Sn10 exhib-
ited martensitic transition temperatures of Ms,ρ = 154 K, Mf,ρ = 118 K, and TM,ρ =
140 K, whereas they are much lower than that from the magnetic and thermal analysis,
and those of the literature [122,135]. However, these investigated martensitic transition
temperatures by ρ(T ) are comparable to them determined by κ(T ) (Ms,κ = 153 K, Mf,κ
= 121 K, and TM,κ = 137 K). The values are listed in Table 4.3.5 as well. The presence
of γ as secondary phase is probably the reason for the decreased martensitic transition
temperatures in comparison to the publications [122,135].
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Figure 4.3.5.: (a) Temperature dependence of the electrical resistivity ρ(T ) and (b) the thermal con-
ductivity κ(T ) of Mn50Ni40Sn10 and Mn50Ni41Sn9, respectively. Phase transitions are
marked by its characteristic parameters (Ms, Mf , TM, As, Af , TA, and T AC ).
At low temperatures ρ(T ) of Mn50Ni40Sn10 decreased, possessing semiconductor-like
behavior. However, in the vicinity of the martensitic transformation ρ(T ) exhibited a
sudden jump of ≈ 0.6 µΩm, which indicates that ρ(T ) decreases owing to the transforma-
tion of the martensitic fraction to the austenite. Consequently, austenite and martensite
coexist in this region. At high temperature ρ(T ) increased up to ∆T AC,ρ = 277 K, show-
ing metallic behavior. This behavior is in reasonable agreement with other Ni-Mn-based
Heusler alloys and well known in the literature [122,135,140].
Table 4.3.5.: Martensitic transformation parameters of Mn50Ni40Sn10 and Mn50Ni41Sn9 as determined
by electrical resistivity ρ(T ) and thermal conductivity κ(T ).
ynom Method Ms Mf TM As Af TA ∆ THyst T AC
[K] [K] [K] [K] [K] [K] [K] [K]
10 ρ(T ) 154 118 140 137 164 150 10 277
κ(T ) 153 121 137 139 164 154 17 ...
9 ρ(T ) 305 292 298 295 308 304 6 ...
κ(T ) 299 275 292 290 300 296 4 ...
Concerning ρ(T ) of Mn50Ni41Sn9, a similar phenomenon was observed. The martensitic
transition temperature increased from TM,ρ = 140 K to TM,ρ = 298 K, probably owing to
a slightly decrease of the amount of Sn. Additionally, it affected the residual resistivity
ρ0 by enhancing it with ≈ 0.75 µΩm. The increase of the electrical resistivity during the
martensitic transition caused a reduced thermal hysteresis ∆THyst,ρ of 4 K in comparison
to Mn50Ni40Sn10. The high ∆ρ during the martensitic transformation is similar to
Ni50Mn34In16, reported by Sharma et al. [140].
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Fig. 4.3.5(b) shows κ(T ), which increases for both studied alloys across the entire tem-
perature range (0 ≤ T ≤ 350 K). The conduction electrons are attributed to the main
contribution of the total κ(T ) owing to a determination by the Wiedemann-Franz-law.
Similar results were reported for Ni1.5Mn1.5Sn in Section 3.4.6.2, indicating a chemical
disorder in Mn50Ni40Sn10 and Mn50Ni41Sn9 as well. κ(T ) is limited to a working range
of 0 − 300 K, i.e., the sensitivity of the measurement decreased above 300 K. Therefore,
the behavior of the κ(T ) graph > 300 K of Mn50Ni41Sn9 originated from a higher signal
to noise ratio.
4.3.4. Effects of annealing on the martensitic transformation in
Mn50Ni40Sn10 and Mn50Ni41Sn9 powder
The figures and the text of this subsection are identical with the first part of the follow-
ing publication:
T. Fichtner, C. Wang, A. A. Levin, G. Kreiner, C. Salazar Mejia, S. Fabbrici, F. Alber-
tini, and C. Felser
Effects of annealing on the martensitic transformation of Ni-based ferromagnetic shape
memory Heusler alloys and nanoparticles
Metals 2015, 5, 484-503.
After completion of the systematic study of Mn50Ni50−ySny the focus is on the effect of
annealing on the martensitic transformation and its influences on the crystal structure
and the magnetic properties. Thus, two compositions were selected, i.e., Mn50Ni40Sn10
and Mn50Ni41Sn9.
4.3.4.1. The influence on the crystal structure
The phase analyses of the as-prepared powders have been described in detail in Sec-
tion 4.3.2. In the following, the emphasis is on the crystal structure of the post-annealed
powders and a comparison is shown in Fig. 4.3.6 and 4.3.7.
As a reminder, at r.t. and before the post-annealing process the alloy Mn50Ni40Sn10
crystallizes in the austenitic fcc Heusler-type crystal structure with a lattice parameter
a of 5.997(2) Å. The residual Bragg reflexions could be indexed to a second phase, i.e.,
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Figure 4.3.6.: PXRD pattern of Mn50Ni40Sn10 at r.t. for (a) as-prepared and (b) post-annealed powders.
"A" indicates the austenite and "γ" the fcc Mn-Ni phase. Mn-rich impurities are labeled
by asterisks.
the fcc γ-phase of Mn-Ni with a lattice parameter of a = 3.724(4) Å. This γ-phase has
been reported in the literature [128–130] in Ni-based Heusler alloys. It was also assumed
that this phase suppresses the martensitic transformation.
During the post-annealing process the powder of Mn50Ni40Sn10 was treated for 24 h at
873 K and cooled down to r.t. over 48 h in order to reduce the stress. After this process
the Bragg reflections are much sharper, shown in Figure 4.3.6(b). They refer to a cubic
fcc Heusler-type crystal structure with a lattice parameter of a = 5.993(1) Å and a fcc
γ-phase with a lattice parameter of a = 3.711(1) Å.
The as-prepared Mn50Ni41Sn9 powder [Figure 4.3.7(a)], shows significantly different
Bragg reflections from those of the Mn50Ni40Sn10 alloy, probably due to a slightly
lower Sn-content. Thus, at r.t. Mn50Ni41Sn9 reveals a martensitic tetragonal L10
crystal structure (P4/mmm, CuAu structure type, sg: 123) with lattice parameters
of a = 2.773(1) Å and c = 3.444(2) Å, and a c/a-ratio with ≈ 1.24. Besides this marten-
site, there exists an austenitic phase with a lattice parameter of a = 2.990(1) Å (A2,
Im3m, tungsten structure type, sg: 229) as well.
After reduction of the stress the diffraction pattern of the post-annealed powder becomes
more complex. The diffraction pattern could be indexed to a 7M superstructure cell
with lattice parameters of a = 4.304(5) Å, b = 5.984(5) Å, and c = 42.223(7) Å and
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Figure 4.3.7.: PXRD pattern of Mn50Ni41Sn9 at r.t. for (a) as-prepared and (b) post-annealed powders.
"A" indicates the austenite and "M" the martensite. Results of Le Bail fitting are shown
in (b) (Rwp = 10%).
β = 93.97(2)◦, using a Le Bail fitting, which is shown in Figure 4.3.7(b). These lattice
parameters are similar to those of the superstructure cell in the Ni-Mn-Ga FMSA [141–143].
It should be noted that owing to strong reflection overlap in the Le Bail fitting it is not
possible to exclude the presence of the austenitic phase at r.t.
4.3.4.2. The influence on the magnetic properties
The magnetic properties of the as-prepared powders of Mn50Ni40Sn10 and Mn50Ni41Sn9
in µ0H = 0.1 T have been discussed in detail in Section 4.3.3.2. Therefore, the
as-prepared powders were investigated in higher magnetic fields, i.e., µ0H = 2, and
7 T, and measured in the field cooling and field heating modes, starting from 400 K.
As a reminder, both alloys exhibited a martensitic transformation at µ0H = 0.1 T,
whereas Mn50Ni40Sn10 (e.g., TM = 202 K) possessed lower transition temperatures than
Mn50Ni41Sn9 (e.g., TM = 302 K). A probably reason for this behavior is the slightly
reduced amount of Sn by ≈ 1 at.%.
For Mn50Ni40Sn10 the magnetization change at µ0H = 7 T is increased by 55% in
comparison to that at µ0H = 0.1 T, as shown in Fig. 4.3.8(a). Additionally, TM decreases
with further increasing of µ0H from TM,0.1T = 202 K to TM,7T = 189 K (see in Table 4.3.6),
which is ascribed to a field-induced first order magnetostructural transformation.
59
Chapter 4. Martensitic transition in Mn-rich Mn50Ni50−ySny Heusler alloys
50 100 150 200 250 300 350 400
0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
50 100 150 200 250 300 350 400
 
 
M
ag
ne
tiz
at
io
n 
M
(T
) [
A
m
2  k
g-
1 ]
Temperature T [K]
 0H = 7 T
 0H = 2 T
 0H = 0.1 T
a) as-prepared powder
 
 
 
 
b) post-annealed powder
Figure 4.3.8.: Temperature dependence of magnetization of Mn50Ni40Sn10 in applied magnetic fields
of µ0H = 0.1, 2, and 7 T during heating and cooling modes for (a) as-prepared and (b)
post-annealed powders.
With increasing of µ0H from 0.1 to 7 T ∆ THyst remained constant, resulting in a possible
reduction in energy consumption in magnetocaloric applications, contrary to Ni-rich Ni-
and Mn-based Heusler alloys [116,119].
Table 4.3.6.: Comparison of the as-prepared and post-annealed powder of Mn50Ni40Sn10. Its re-
lated martensitic transformation parameters determined by means of magnetometry:
martensitic start temperature (Ms), martensitic finish temperature (Mf), inflection point
of the martensitic transition (TM), austenitic start temperature (As), austenitic finish
temperature (Af), inflection point of the austenitic transition (TA), thermal hysteresis
(∆ THyst {= TA - TM}), average of cooling and heating of the Curie temperature of the
martensitic phase (T MC ), and average of cooling and heating of the Curie temperature of
the austenitic phase (T AC ).
Powder Ms Mf TM As Af TA ∆ THyst T MC T AC
µ0H [K] [K] [K] [K] [K] [K] [K] [K] [K]
as-prepared
0.1 T 221 175 202 183 228 209 7 144 274
2 T 219 170 198 180 224 205 7 123 283
7 T 211 158 189 173 217 198 9 106 290
post-annealed
0.1 T 216 72 118 109 222 142 24 ... 285
2 T 172 66 107 111 183 141 34 ... 297
7 T 169 55 99 103 180 133 34 ... 317
Figure 4.3.8(b) displays the thermomagnetic curves of this alloy as a post-annealed
powder using conditions similar to those of the as-prepared powder. Comparing both
at µ0H = 0.1 T, the martensitic transformation temperatures are very sensitive to the
annealing method. Thus, Ms, Mf , and TM were decreasing, whereas T AC was increasing
(see Table 4.3.6). Comparable results are known in Ni-rich Ni-and Mn-based Heusler
alloys [124,125]. A similar feature has been found for Ni-Co-Mn-In alloys and is attributed
to the modification of the atomic sites (disorder / order), the Mn-Mn distances and the
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Mn-Mn exchange coupling [144–147]. Additionally, based on this, the Fermi surface and
the Brillouin zone boundary can be affected [76,147–149]. Therefore, for the post-annealed
powder, the magnetization change during the martensitic transformation was decreased
by one-third and remained constant with increasing µ0H up to 7 T, indicating similar
magnetic order of the martensite and austenite, i.e. FM.
After post-annealing of Mn50Ni40Sn10, at µ0H = 0.1 T, ∆ THyst is increased signifi-
cantly by 17 K, which is comparable to Ni-rich Ni- and Mn-based Heusler alloys [116,119].
However, for Ni-rich Ni-Mn-Sn Heusler alloys reported by Schlagel, McCallum and Lo-
grasso [124], and by Xuan et al. [125] the effect of annealing has been increased the mag-
netization change during the martensitic transformation. This was also observed for
Ni-rich Ni-Co-Mn-In Heusler alloys, reported by Ito et al. [144]. Therefore, the impact of
atomic ordering on the annealing procedure in terms of the martensitic transformation
are different between Mn-rich Ni- and Mn-based Heusler alloys because of the atomic
site occupation of the Ni and Mn atoms. As discussed in the previous chapter, the dis-
order on the Wyckoff positions 4d and 4c, by Ni and Mn atoms and their effects on the
magnetic and transport properties was determined.
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Figure 4.3.9.: Temperature dependence of magnetization analysis of Mn50Ni41Sn9 in µ0H of 0.1 and 2
T during heating and cooling for (a) as-prepared and (b) post-annealed powders.
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Concerning the as-prepared Mn50Ni41Sn9 powder, the magnetization change during the
martensitic transformation increases from µ0H = 0.1 to 2 T. In addition to it, in an
applied magnetic field of µ0H = 2 T, the magnetization change reaches a value of
20 Am2 kg−1, showing a sharp martensitic transformation similar to the as-prepared
powder of Mn50Ni40Sn10.
As shown in Figure 4.3.9(b), the temperature-dependent magnetization of the post-
annealed powder is different from that of the as-prepared powder owing to a modified
atomic site phenomena, which is caused by the change of the crystal structures (see
Figure 4.3.9 and Table 4.3.7).
Table 4.3.7.: Comparison of the as-prepared and post-annealed Mn50Ni41Sn9 powder and its related
structural and magnetic transition temperatures by means of magnetometry.
Powder Ms Mf TM As Af TA ∆ THyst T MC T AC
µ0H [K] [K] [K] [K] [K] [K] [K] [K] [K]
as-prepared 0.1 T 306 298 302 302 310 308 6 121 3202 T 307 294 303 302 310 308 5 151 323
post-annealed 0.1 T ... ... ... ... ... ... ... 153 3032 T ... ... ... ... ... ... ... 217 331
However, for the post-annealed powder no clear magnetization change during the marten-
sitic transformation was observed, indicating a similar magnetic coupling of the Mn
atoms of the austenite and martensite. Additionally, the ferromagnetic ordering of the
austenite increases, which indicates the stabilization of the austenitic phase. Therefore,
the martensitic transformation merges with TC of the martensite and austenite. A similar
phenomenon on the magnetization curve could be observed for Ni-Mn-Sn thin films [150].
The Curie temperatures of the austenite, T AC , and martensite, T MC , increase with increas-
ing µ0H from 0.1 to 2 T (T MC,0.1 T = 153 K vs. T MC,2 T = 217 K and T AC,0.1 T = 303 K vs.
T AC,2 T = 331 K).
4.4. Conclusion and Summary
As part of this Ph.D. thesis, the tuning of the MCE on the Heusler series Mn50Ni50−ySny
was performed by two important tools, i.e., substitution and post-annealing. According
to the substitution, for compositions close to the 2:1:1 stoichiometric alloy (ynom = 23) a
cubic fcc Heusler-type crystal structure with a lattice parameter of a = 6.108(1) Å was
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obtained at r.t. However, a slightly reduction of the Sn-content (15 ≤ ynom ≤ 21)
resulted in a two-phase material with β-Mn (cP20, P4132, sg: 213) as secondary phase.
On the other hand, the fcc Mn-Ni γ phase is present in 10 < ynom ≤ 13. In particular,
Mn50Ni40Sn10 exhibited a martensitic transformation below r.t., whereas the alloys at
higher Sn-contents, i.e., 11 ≤ ynom ≤ 23 showed an absence of the martensitic trans-
formation across the entire temperature range. They obtained a purely second order
magnetic transition from ferromagnetic order to PM, e.g., T AC was 317 K for ynom = 13.
At ynom = 9, the Bragg reflections could be indexed to an A2 (Im3m austenite, tungsten
structure type, sg: 229) and an L10 (P4/mmm, CuAu structure type, sg: 123) marten-
site at r.t. The corresponding lattice parameters were a = 2.990(1) Å for the A2 phase,
and a = 2.773(1) Å and c = 3.444(2) Å (c/a ≈ 1.24) for the martensite, respectively.
The martensitic transformation in this alloy is in reasonable agreement with the mag-
netometry and thermal analysis. Additionally, the thermal hysteresis in Mn50Ni40Sn10
and Mn50Ni41Sn9 was decreased, which might result in a possible reduction in energy
consumption in magnetocaloric applications.
Furthermore, the lattice parameter a decreased down to a = 5.997(2) Å for ynom = 10,
starting from a = 6.108(1) Å in Mn50Ni27Sn23. In alloys with ynom < 10 the cubic fcc
Heusler-type crystal structure is energetically less favorable at r.t., causing a crystal
structure change to L10. The tetragonal L10 crystal structure remained constant by
lowering the Sn-content again with ∆ynom = 2. These alloys showed an antiferromagnetic
order in the martensite and PM in the austenite. Hence, they are similar to the tetragonal
parent compound Mn50Ni50.
In general, the main effect of the substitution of Ni with Sn was the decrease of the
martensitic transition temperatures, and consequently, the absence of the martensitic
transformation for higher values of Sn. A possible reason for these results is the presence
of the γ phase. Also, the substitution leads to chemical disorder, an increase of the γ
phase, and finally, to suppression of the martensitic transformation.
By means of thermal analysis a disorder / order transition from B2 to Heusler (fcc)
[T B2/Heusler(fcc)t ] could be detected in 3 ≤ ynom ≤ 10. In addition to that, in
Mn50Ni40Sn10 and Mn50Ni41Sn9 an intermediate phase transition with its related tem-
perature TI next to the reverse martensitic transition temperature TA was present, which
indicates an intermartensitic transition. Consequently, a detailed magnetic and struc-
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tural isoplethal section in the range 3 ≤ ynom ≤ 13 for the studied Heusler series was
derived, which is very useful for the design of new MCMs.
Finally, in this present study, the effect of annealing on the martensitic transforma-
tion has been discussed for the Mn50Ni40Sn10 and the Mn50Ni41Sn9 powder. The post-
annealing of the latter powder resulted in changes in the crystal structure of the marten-
site owing to a stabilization of the austenitic phase. Therefore, during the martensitic
transformation, Ms, Mf and TM decreased, and ∆ THyst increased. This might be asso-
ciated with a release of stress during the annealing process.
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5. Magnetocaloric effect in
Ni-(Co-)Mn-In Heusler alloys
5.1. Introduction
In 2012, Liu et al. [23] reported on a giant MCE driven by a first order magnetostructural
transition in Co-doped Ni-Mn-In Heusler alloys. The alloy Ni45.2Co5.1Mn36.7In13 in
particular was reported to have shown a ∆Tad = −6.2 K in a µ0∆H of 1.9 T. To
date, this is the highest value ever found in Heusler alloys, comparable to the values for
Gd5Si1.98−2.09Ge1.91−2.02 and La(Fe,Si)13H0.5−0.15 alloys, which makes them promising
candidates for magnetocaloric applications [23]. With these types of alloys, two methods
of tuning the MCE have been reported [23,147,151], i.e., post-annealing and substitution.
However, little attention has been paid to the influence of post-annealing on Ni-(Co-)Mn-
In Heusler alloys.
The effect of annealing on the martensitic transformation was studied by Chen et al. [147]
on bulk material and by Liu et al. [151] on ribbons. Chen et al. [147] reported on the
alloy Ni45Co5Mn36.7In13.3, in which TM decreased from 319 K (as-prepared) to 289 K
(annealed at 573 K) at µ0H = 0.02 T. However, ∆THyst of ≈ 13 K remained constant.
In this alloy, the isothermal entropy change decreased from 38 J kg−1 K−1 at 311 K
(as-prepared) to 31 J kg−1 K−1 at 279 K (annealed at 573 K) in µ0∆H = 5 T.
On the other hand, Liu et al. [151] published a work comparing the Heusler alloy
Ni45Co5Mn37In13 to Ni46Co5Mn35In14, whereby the latter showed the formation of a Co-
rich fcc γ phase as secondary phase with T γC ≈ 370 K after the post-annealing at 1173 K.
This secondary phase underwent a martensitic transformation from an fcc γ austenite to
an hcp ε martensite similar to what occurs in Co-Ni-Ga [152] Heusler alloys. The authors
attributed the formation of the γ phase to a selected annealing temperature that was too
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close to the melting point of the alloy because at T ≤ 1073 K no γ phase was present.
However, Ito et al. [153] indicated that the γ phase was probably present owing to a low
In-content, i.e., in the Heusler alloy Ni42.5Co7.5Mn37.5In12.5. Also, the post-annealing
at 1173 K affected ∆SM as well. It decreased from ∆SM = 125 kJ m−3 K−1 at 253 K
(annealed for one hour) to ∆SM = 80 kJ m−3 K−1 at 243 K (annealed for two hours) in
a µ0∆H = 5 T.
Concerning the publications by Chen et al. [147] and Liu et al. [23,151], now the emphasis is
on Ni-and Mn-based Heusler alloys with a decreased amount of Mn, which may prevent
the formation of a secondary phase, e.g., the Co-rich fcc γ phase. Additionally, the
previously used main group element Sn has been replaced by In. Both methods are suit-
able tools for tuning the magnetocaloric properties of Ni- and Mn-based Heusler alloys,
starting from the binary tetragonal alloy L10 Mn50Ni50. Another possibility is doping
with the 3d transition metal Co; this approach is well known in the literature [154–156].
Therefore, the Heusler alloys Ni45.2Co5.1Mn36.7In13, Ni49.8Mn35In15.2, and
Ni49.9Mn34.5In15.6 reported by Liu et al. [23] serve as a basis for this study. Thus, the
substitution of Co and Mn near the composition Ni45.2Co5.1Mn36.7In13, which exhibits a
giant MCE, is discussed. Additionally, increased amounts of Co and Mn are used to tune
the magnetostructural transformation. However, first of all, a systematic analysis of the
microstructure, crystal structure, and magnetic and thermal properties was preformed,
similar to that for the Heusler series Mn50Ni50−ySny described in Chapter 4. Further-
more, a description of the selected alloys, with emphasis on the transport properties, an
investigation of the key magnetocaloric parameters by different methods, and the effect
of annealing on the MCE are highlighted.
5.2. Experimental Details
The bulk Ni-(Co-)Mn-In alloys with a total mass of 5 g have been prepared by induc-
tively melting the elements (Ni foil, 99.9%, ChemPur; Co foil, 99.95%, Alfa Aesar; Mn
pieces, 99.99%, ChemPur; In wire, 99.99%, ChemPur) in an argon atmosphere in Al2O3
crucibles (Ø = 10 mm, Friatec, Al23). The total mass loss was ≤ 1 wt.%. Subsequently,
a heat treatment for 3 weeks at 1073 K (Ni45.2Co5.1Mn36.7In13: To = 1216 K) was per-
formed by encapsulating the alloys in an arc-welded tantalum ampoule at 0.3 bar Ar
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and jacketing them in an evacuated fused quartz glass ampoule. Finally, the alloys were
quenched in ice-water by shattering the silica ampoule.
The post-annealing of Ni45.2Co5.1Mn36.7In13 was carried out at 973 K for 5 h. The sample
was slowly cooled down to r.t. without a specific cooling rate (switch off the furnace).
For characterization of the alloys, PXRD was carried out at r.t. by using an image plate
Huber G670 Guinier camera equipped with a Ge(111) monochromator. The alloys were
analyzed by using Cu-Kα1 radiation (λ = 1.54059 Å) in the range 10◦ ≤ θ ≤ 100◦. A
small amount of powder was homogeneously dispersed on Mylar foil. The WinXPOW
package [87] was used to determine the lattice parameters.
Thermal analysis was performed with a DSC/TG Netzsch STA 449C at a heating rate
of 10 K/min from r.t. to a maximum temperature of 1673 K for the investigation
of To. The martensitic transition temperatures were analyzed in a temperature range
of 250 − 470 K by using the sample characterization method of Krenke [66]. The al-
loys Ni49.8Mn35In15.2, Ni45.2Co5.1Mn36.7In13,and Ni45Co5Mn38In12 were investigated at
a heating rate of 5 K min−1. Ni45Co5Mn37In13 and Ni43Co7Mn38In12 were measured at
a heating rate of 10 or 100 K min−1, respectively.
ICP-OES by means of a spectrometer VISTA (Varian Inc.) was used to analyze the
final composition after annealing. Chemical analysis by EDXS was performed and SEM
images of SE and BSE were taken using a Philips XL30 system with a LaB6 cathode
and an XFLASH R⃝ detector at 15 kV. WDXS analysis was done using a Cameca SX-100
electron probe analyzer and elemental standards.
Magnetic and transport properties were investigated by means of commercial systems
(MPMS3, MPMS-XL7, and PPMS with a thermal transport option) and by a home-
built setup (TMA). The temperatures for the magnetization measurements were in the
range from 1.8 to 700 K. For the transport properties a parallelepiped bar of typically
2 x 2 x 8 mm3 was used and the temperature varied from 1.8 to 350 K.
The characterization of the MCE was performed by two different methods, either by
isothermal magnetization measurements around the transition temperatures with
∆T = 2 K up to maximum applied magnetic fields µ0Hmax of 5 T in a commercial system
(MPMS3) or in a home-built Calorimeter with the possibility to apply a maximum
magnetic field µ0Hmax = 1.9 T. The isothermal magnetization analysis was carried out
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by using the Loop process, according to Caron et al. [57]. The latter study was performed
within the collaboration of the Institute of Materials for Electronics and Magnetism,
National Research Council, and the Department of Physics at the University of Parma
in Italy. Both methods were carried out in the vicinity of the magnetostructural phase
transition.
5.3. Computational Details
The self-consistent band structure calculations were carried out using the SPR-KKR
Green’s function technique [92]. It has been performed by the colleagues S. Chadov and
S.W. D’Souza. The exchange and correlation effects were incorporated within the GGA
in the PBE parametrization scheme [91]. Brillouin zone integrations were performed on
a 22 × 22 × 22 mesh of k points. The angular momentum expansion up to lmax = 3
has been used for each atom. The substitutional disorder in Ni49.9Mn34.5In15.6, has
been taken into account by employing the CPA method as implemented in the SPR-
KKR code. Both, the energy convergence criterion and the CPA tolerance were set to
0.00001 Ry [157].
5.4. Results and Discussion
5.4.1. Phase analysis
In order to study the microstructure of the prepared Ni-(Co-)Mn-In Heusler alloys,
SEM/EDXS analysis was performed. Fig. 5.4.1 shows the polarized light [(a1) and
b1)] and BSE [(a2) and (b2)] micrographs of Ni49.9Mn34.5In15.6 and Ni49.8Mn35In15.2.
Both alloys were obtained as single phase materials with orientational contrast in the
polarized light images. EDXS analysis resulted in a composition of Ni49.6Mn33.1In17.3
for Ni49.9Mn34.5In15.6 and Ni49.7Mn33.8In16.5 for Ni49.8Mn35In15.2 (listed in Table 5.4.1).
The errors of the SEM/EDXS analyses are estimated to be ± 0.5 at.%.
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Figure 5.4.1.: Optical and SEM/EDXS-micrographs of the Ni-(Co-)Mn-In Heusler alloys: (a1) polarized
light and (a2) BSE images of Ni49.9Mn34.5In15.6; (b1) polarized light and (b2) BSE images
of Ni49.8Mn35In15.2; (c1) polarized light and (c2) BSE images of Ni45.2Co5.1Mn36.7In13;
(d1) differential interference contrast (DIC) and (d2) BSE images of Ni45Co5Mn37In13;
(e1) polarized light and (e2) BSE images of Ni43Co7Mn37In13; (f1) polarized light and
(f2) BSE images of Ni45Co5Mn38In12; (g1) polarized light and (g2) BSE images of
Ni43Co7Mn38In12; (h1) polarized light and (h2) BSE images of Ni42Co8Mn38.5In11.5; (i1)
polarized light and (i2) BSE images of Ni41Co9Mn39In11; (j1) bright field and (j2) BSE
images of Ni39Co11Mn39In11.
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In the case of Ni45.2Co5.1Mn36.7In13 [shown in Figs. 5.4.1(c1) and (c2)], the microstructure
was changed by doping with the 3d transition metal Co. Clearly, the BSE image shows a
martensitic microstructure with its lamellar-like shape, whereas the polarized light image
displays a single phase material with orientational contrast. This martensitic structure is
also present in the compositions Ni45Co5Mn37In13, Ni45Co5Mn38In12, Ni43Co7Mn38In12,
Ni42Co8Mn38.5In11.5, and Ni41Co9Mn39In11 [shown in Figs. 5.4.1(d1), (d2), (f1) − (i2)],
whereas the BSE images of the latter two compositions
(Ni42Co8Mn38.5In11.5 and Ni41Co9Mn39In11) exhibit a secondary phase as dark spots.
This secondary phase is embedded in the martensitic matrix and can be distinguished
from the BSE images of the other compositions; however, it cannot be distinguished from
the Heusler alloy Ni39Co11Mn39In11 in Fig. 5.4.1(j2). There exists a secondary phase as
well, which was determined to be Ni28.6Co28.9Mn42.5 by SEM/EDXS analysis; it can be
seen in the bright field image in Fig. 5.4.1(j1). The increased amounts of Mn and Co
are probably responsible for the formation of this Co-rich fcc γ phase, which can be
reinforced in the Ni42.5Co7.5Mn37.5In12.5 Heusler alloy, as reported by Ito et al. [153]. The
authors attributed the presence of the Co-rich fcc γ phase to a low In-content. Also, all
the other compositions were single phase materials according to SEM/EDXS analysis,
which is shown in Table 5.4.1. Thus, the dark spots in the BSE images are cavities,
except in the aforementioned Co- and Mn-enriched Heusler alloys.
Concerning Ni43Co7Mn37In13, shown in Figs. 5.4.1(e1) and (e2), orientational contrast
was performed at r.t. However, no martensitic microstructure was observed. Only a small
variation of the Mn-content (1 at.%) affected the magnetostructural transition, which is
comparable to the studied Heusler series Mn50Ni50−ySny described in Chapter 4. This
phenomenon is in good agreement with the literature [139,153,158].
Furthermore, to verify the results from the SEM/EDXS analysis, an ICP-OES investi-
gation was carried out for the single phase materials and these results are also listed in
Table 5.4.1. For instance, for the nominal compositions Ni49.8Mn35In15.2 and
Ni43Co7Mn38In12, mean analytical compositions of Ni49.7Mn35.1In15.2 and
Ni42.9Co7.0Mn38.1In12.0, respectively, were obtained. The estimated errors of this analy-
sis are ± 0.2 at.%. Thus, the analytical compositions of these alloys are in reasonable
agreement with their nominal compositions.
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Table 5.4.1.: Compositional analysis of the prepared Ni-(Co-)Mn-In alloys by using different methods,
e.g., SEM/EDXS, WDXS, and ICP-OES, separated according to their related phases (B2,
γ, L10, and L21). Also included are the valence electron concentrations, e/a, of the
prepared alloys.
Nominal composition Phase Method at.% Ni at.% Co at.% Mn at.% In e/a
Ni49.9Mn34.5In15.6 L21
ICP-OES 49.7 0.0 34.7 15.6
7.52EDXS 49.6 0.0 33.1 17.3
WDXS 49.1 0.0 35.0 15.9
Ni49.8Mn35In15.2 L21
ICP-OES 49.7 0.0 35.1 15.2
7.54EDXS 49.7 0.0 33.8 16.5
WDXS 49.4 0.0 35.2 15.4
Ni45.2Co5.1Mn36.7In13 L10
ICP-OES 45.1 5.0 36.9 13.0
7.65EDXS 45.2 5.2 35.4 14.2
WDXS 44.3 5.3 37.2 13.2
Ni45Co5Mn37In13 L10
ICP-OES 44.8 4.9 37.2 13.1
7.64EDXS 45.1 5.2 35.5 14.2
WDXS 44.4 5.3 37.2 13.1
Ni43Co7Mn37In13 B2
ICP-OES 43.0 6.9 37.1 13.0
7.62EDXS 43.1 7.0 35.8 14.1
WDXS 42.4 7.3 37.3 13.0
Ni45Co5Mn38In12 L10
ICP-OES 44.9 4.9 38.2 12.0
7.70EDXS 45.0 5.3 36.6 13.1
WDXS 44.2 5.3 38.4 12.1
Ni43Co7Mn38In12 L10
ICP-OES 42.9 7.0 38.1 12.0
7.68EDXS 43.0 6.9 36.9 13.2
WDXS 42.0 7.4 38.4 12.2
Ni42Co8Mn38.5In11.5
L10 EDXS 42.0 7.7 37.1 13.2 7.70WDXS 41.3 8.0 38.7 12.0
γ EDXS 32.9 25.9 40.3 0.9
Ni41Co9Mn39In11
L10 EDXS 41.0 8.3 37.8 12.9 7.72WDXS 40.3 8.7 39.3 11.7
γ EDXS 31.0 26.9 41.3 0.8
Ni39Co11Mn39In11
L10 EDXS 40.3 9.1 37.1 13.5 7.70WDXS 39.6 9.4 38.5 12.5
γ EDXS 28.6 28.9 42.5 0.0
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5.4.2. Crystal structure
To support the results from the microstructure analysis, PXRD determination at r.t.
was performed on all compositions. The PXRD patterns of a selection of Heusler alloys,
i.e., Ni49.9Mn34.5In15.6, Ni45Co5Mn38In12, Ni41Co9Mn39In11 and Ni39Co11Mn39In11, are
shown in Fig. 5.4.2. Additional PXRD patterns of the residual compositions are dis-
played in Section A.4 in the Appendix. The Bragg reflections of Ni49.9Mn34.5In15.6 could
be indexed as a cubic L21 Heusler-type structure (cF16, Fm3m, sg: 225) with a lattice
parameter of a = 6.005(1) Å (listed in Table 5.4.2). The other non-Co-doped Ni-Mn-In
Heusler alloy also exhibits a cubic L21 Heusler-type structure (cF16, Fm3m, sg: 225)
with a similar lattice parameter [a = 6.002(1) Å] at r.t. However, the Co-containing al-
loy, Ni45.2Co5.1Mn36.7In13, reported by Liu et al. [23] as the third investigated compound,
possesses a tetragonal L10 (P4/mmm, CuAu structure type, sg: 123) martensitic crystal
structure with lattice parameters of a = 3.950(2) Å and c = 6.785(2) Å. The c/a-ratio
is ≈ 1.72.
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Figure 5.4.2.: PXRD pattern of Ni49.9Mn34.5In15.6, Ni45Co5Mn38In12, Ni41Co9Mn39In11, and
Ni39Co11Mn39In11 at r.t.
A comparison of these studied Heusler alloys with the compounds reported Liu et al. [23]
shows reasonable agreement in terms of crystallinity and microstructure, e.g., the Heusler
alloy Ni49.9Mn34.5In15.6 exhibits a lattice parameter a of 6.005(1) Å at r.t., which is
similar to the published value (a =6.010 Å [23]).
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Table 5.4.2.: Summary of the lattice parameters of the Ni-(Co-)Mn-In alloys as determined by PXRD
at r.t.
Lattice parameter
Nominal composition Structure type a [Å] b [Å] c [Å] c/a
Ni49.9Mn34.5In15.6 L21 6.005(1) 6.005(1) 6.005(1) 1.00
Ni49.8Mn35In15.2 L21 6.002(1) 6.002(1) 6.002(1) 1.00
Ni45.2Co5.1Mn36.7In13 L10 3.950(2) 3.950(2) 6.785(2) 1.72
Ni45Co5Mn37In13 L10 3.939(1) 3.939(1) 6.828(1) 1.73
Ni43Co7Mn37In13
L10 3.955(3) 3.955(3) 6.780(3) 1.71
B2 2.991(2) 2.991(2) 2.991(2) 1.00
Ni45Co5Mn38In12 L10 3.936(1) 3.936(1) 6.815(1) 1.73
Ni43Co7Mn38In12 L10 3.925(2) 3.925(2) 6.824(1) 1.74
Ni42Co8Mn38.5In11.5
L10 3.921(2) 3.921(2) 6.831(1) 1.74
γ 3.634(1) 3.634(1) 3.634(1) 1.00
Ni41Co9Mn39In11
L10 3.918(2) 3.918(2) 6.839(1) 1.75
γ 3.634(1) 3.634(1) 3.634(1) 1.00
Ni39Co11Mn39In11
L10 3.935(2) 3.935(2) 6.808(1) 1.73
γ 3.630(2) 3.630(2) 3.630(2) 1.00
B2 2.989(1) 2.989(1) 2.989(1) 1.00
The Bragg reflections of the compositions Ni45Co5Mn37In13, Ni45Co5Mn38In12, and
Ni43Co7Mn38In12 can be indexed to an L10 (P4/mmm, CuAu structure type, sg: 123)
crystal structure whose lattice parameters a and c are comparable to those of the previ-
ously studied Co-containing Ni-Mn-In Heusler alloy, Ni45.2Co5.1Mn36.7In13. However, in
the current study, the lattice parameter a is slightly reduced, whereas c is expanded.
Most of the Bragg reflections in the Heusler alloy Ni43Co7Mn37In13 are attributed to an
L10 (P4/mmm, CuAu structure type, sg: 123) martensitic crystal structure with lattice
parameters a = 3.955(3) Å and c = 6.780(3) Å. The remaining Bragg reflections could
be indexed into a B2 (CsCl structure type, Pm3m, sg: 221) crystal structure, which
confirms the microstructural analysis of this alloy.
Concerning the Co-doped Ni- and Mn-based Heusler alloys with higher amounts of Co
and Mn, the PXRD patterns show at least two phase materials. In all three studied
alloys (Ni42Co8Mn38.5In11.5, Ni41Co9Mn39In11, and Ni39Co11Mn39In11), the Co-rich fcc
γ phase as a secondary phase with a lattice parameter a ≈ 3.634(1) Å is present. In
the case of Ni42Co8Mn38.5In11.5 and Ni41Co9Mn39In11, the remaining Bragg reflections
refer to an L10 (P4/mmm, CuAu structure type, sg: 123) crystal structure, whereby a
decreases and c increases. Comparing both, a probable reason for these results is the
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slightly increased Co- and Mn-content. The atomic radius of Mn (rMn = 1.37 Å [97]) is
smaller than that of In (rIn = 1.42 Å [97]), whereas Co and Ni exhibit the same atomic
radii (rCo = rNi = 1.25 Å [97]). It has been demonstrated by Chen et al. [159] that a
substitutional amount of Mn occupies the Wyckoff positions of In and doping of the 3d
transition metal Co leads to atomic occupation of the Ni sites. In this way, the magnetic
moment of the alloys is affected as well owing to the tuning of the Mn-Mn coupling from
an antiferromagnetic to a ferromagnetic order. Additionally, it is well known that the
main contribution to the total magnetic moment comes from the Mn atoms, whereas
the Co and Ni atoms contribute only a little [160–163].
The Heusler alloy Ni39Co11Mn39In11, which had the highest amount of Co and Mn, ex-
hibited next to an L10 (P4/mmm, CuAu structure type, sg: 123), a B2 (CsCl structure
type, Pm3m, sg: 221) crystal structure and a Co-rich fcc γ phase. The lattice param-
eters of the latter two phases were a = 2.989(1) Å and 3.630(2) Å, respectively. The
presence of the Co-rich fcc γ phase is probably responsible for the absence of a lamellar-
like martensitic microstructure in Figs. 5.4.1(j1) and (j2). For a better understanding of
the transitions, magnetic analysis can be used.
5.4.3. Physical properties of Ni-(Co-)Mn-In alloys
5.4.3.1. Thermal analysis
To investigate the presence of a martensitic transformation over a larger temperature
range, thermal investigations on selected Ni-(Co-)Mn-In Heusler alloys were carried
out. Thus, the Co-containing Heusler alloy Ni45.2Co5.1Mn36.7In13 was chosen, which
has been reported to show a giant MCE [23]. Additional Co-containing compounds, i.e.,
Ni45Co5Mn37In13, Ni45Co5Mn38In12 and Ni43Co7Mn38In12, were selected to discuss the
influence of substitution on the martensitic transition temperatures. The results of this
analysis are shown in Table 5.4.3 and Fig. 5.4.3.
The Heusler alloy Ni45.2Co5.1Mn36.7In13, which shows a giant MCE as reported by Liu
et al. [23], exhibited martensitic transition temperatures of Ms = 303 K, Mf = 261 K,
and TM = 289 K. In comparison to Ni45Co5Mn37In13, a small variation of the Co- and
Mn-content resulted in a decrease of Ms, Mf and TM, which is well known in the litera-
ture [151,158]. Additionally, the martensitic transition temperatures were slightly shifted
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to lower temperatures in contrast to the Ni45Co5Mn37In13 ribbons [151]. The sample
preparation method of the specimens is probably responsible for this phenomenon.
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Figure 5.4.3.: (a) Thermal analysis of selected Ni-(Co-)Mn-In alloys in cooling and heating modes.
Arrows indicate the austenitic TA, martensitic TM, and premartensitic TP transition
temperatures. T AC refers to the Curie temperature of austenite.
In the Heusler alloy Ni45Co5Mn37In13, there exists next to TA another peak at 308 K in
the heating mode, which is assumed to be a premartensitic transition with a character-
istic temperature TP. This premartensitic transition has also been reported for nearly
stoichiometric Ni-Mn-Ga [22,164–166] Heusler alloys, where a micromodulated premarten-
sitic phase as an intermediate phase in between a magnetostructural phase transition
is present. Thus, this transformation is a weak first order structural transition, and
it is indicated by a partial softening of the phonon modes [164–168]. Additionally, TP is
probably present in the studied Heusler alloy Ni43Co7Mn38In12. However, it is obtained
at higher temperatures, i.e., at TP = 415 K, between TA = 380 K and T AC = 448 K.
A slight reduction in the amount of Co by ≈ 2 at.% resulted in a sharp martensitic
transformation, with Ms = 397 K, Mf = 373 K, and TM = 388 K. This alloy possessed a
∆THyst of 15 K, which was the lowest obtained value among the studied Co-doped Ni-Mn-
In Heusler alloys. In addition to that, the value is similar to ∆THyst of Mn50Ni40Sn10
described in Section 4.3.3.1. Hence, this Co-doped Ni-Mn-In Heusler alloy is a suit-
able candidate for magnetocaloric applications owing to a possible reduction in energy
consumption and a sharp martensitic transformation.
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Table 5.4.3.: Martensitic transition temperatures as determined by thermal analysis: premartensitic
transition temperature (TP).
Nominal composition Ms Mf TM As Af TA ∆THyst TP T AC
[K] [K] [K] [K] [K] [K] [K] [K] [K]
Ni45.2Co5.1Mn36.7In13 303 261 289 272 322 307 18 ... ...
Ni45Co5Mn37In13 278 254 265 272 303 291 26 308 ...
Ni45Co5Mn38In12 397 373 388 386 414 403 15 ... ...
Ni43Co7Mn38In12 363 297 333 338 402 380 47 415 436
5.4.3.2. Magnetic properties
To complete the systematic investigation of the Ni-(Co-)Mn-In Heusler alloys, a mag-
netic analysis on all prepared compounds was performed and the results are shown in
Fig. 5.4.4. The alloy Ni49.9Mn34.5In15.6 exhibits a purely second order magnetic transi-
tion from FM to PM, with T AC = 316 K. In contrast to the other non-Co-doped Ni-Mn-In
Heusler alloy Ni49.8Mn35In15.2, it shows no martensitic transformation across the entire
investigated temperature range, as was found for a similar composition [169]. However,
Ni49.8Mn35In15.2 possesses a magnetostructural transition below r.t. (TM = 123 K, listed
in Table 5.4.4), which verifies the presence of an L21 Heusler-type crystal structure at
r.t., which clearly confirms the microstructure and PXRD results. However, in compari-
son to the published data on the non-Co-doped Ni-Mn-In Heusler alloys by Liu et al. [23],
these results are contradictory. For both alloys, martensitic transition temperatures of
TM = 188 K (Ni49.9Mn34.5In15.6) and TM = 234 K (Ni49.8Mn35In15.2) at µ0H = 10 mT
have been reported [23]. Additionally, Bennett et al. [170] reported for the composition
Ni50Mn35In15 and with similar measurement conditions (µ0H = 0.1 T) a TM of 275 K,
which confirms the results of Liu et al. [23]. However, the sample history is different.
In both cases, the Heusler alloys were heat treated for a short time at high tempera-
tures, e.g., ≈ 3 days at 1173 K [23], before quenching in ice-water. A sample preparation
method according to these conditions was conducted first as part of this Ph.D. thesis
work. However, it was not successful. Therefore, thermal analysis to determine To and
a lengthy heat treatment of 3 weeks was performed, as already used for the study of the
Ni2−xMn1+xSn Heusler alloys described in Chapter 3.
The substitution of the amount of In and Mn in Ni-based Heusler alloys is most likely
a key characteristic for the presence of a martensitic transformation. This is probably
the reason why no martensitic transformation or one at very low temperatures was
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Figure 5.4.4.: Temperature dependence of magnetization of (a) Ni49.9Mn34.5In15.6, Ni49.8Mn35In15.2,
Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, Ni45Co5Mn38In12, and Ni43Co7Mn38In12 in
µ0H = 0.1 T. (b) Thermomagnetic curves of Ni42Co8Mn38.5In11.5, Ni41Co9Mn39In11
and Ni39Co11Mn39In11 in µ0H = 1 T.
obtained in the Heusler alloys Ni49.9Mn34.5In15.6 and Ni49.8Mn35In15.2. Concerning T AC
of both alloys, the received values are in good agreement with the literature [171–173].
Phase diagrams of Ni50Mn50−xInx Heusler alloys in a composition range of 0 ≤ x ≤ 25
have been published by Sutou et al. [171], Kanomata et al. [173], and Krenke, Acet and
Wassermann [172].
Additionally, in Ni49.8Mn35In15.2, the magnetization change ∆M = 7 Am2 kg−1 is very
small, which indicates a similar magnetic order of the austenite and martensite, i.e., FM.
However, the doping with Co, resulting in Ni45.2Co5.1Mn36.7In13, led to an increase of the
magnetization change during the martensitic transformation of 87% and a shift of TM
from 123 to 274 K. Thus, ∆ THyst was affected as well, as evidenced by a reduction of 18 K.
The magnetization change is in reasonable agreement with those of Ni45Co5Mn37In13
ribbons [151,158] and Ni45Co5Mn37.5In12.5 single crystals [155].
A tiny variation in the amount of Co changed the magnetization, the martensitic trans-
formation and the magnetization change during the magnetostructural transition. Thus,
in Ni45Co5Mn37In13, the values of Ms, Mf , As, and Af decreased, whereas those of
TA and ∆ THyst increased. Hence, a different magnetic order of the martensite is re-
vealed, whereas that of the austenite remains unaffected. Both austenitic phases order
ferromagnetically, whereas the martensite in Ni45.2Co5.1Mn36.7In13 shows PM and that
in Ni45Co5Mn37In13 shows AFM. The latter transformation is termed a metamagnetic
transition, and it is well known in Ni-Co-Mn-In Heusler alloys in the literature [144–146].
Therefore, these Co-doped Ni-Mn-In Heusler alloys are denoted as metamagnetic shape
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Table 5.4.4.: Martensitic transition parameters of the prepared alloys as determined by magnetometry
in an applied magnetic field of µ0H = 0.1 T.
Nominal composition Ms Mf TM As Af TA ∆ THyst T AC
[K] [K] [K] [K] [K] [K] [K] [K]
Ni49.9Mn34.5In15.6 ... ... ... ... ... ... ... 316
Ni49.8Mn35In15.2 156 79 123 109 178 153 30 313
Ni45.2Co5.1Mn36.7In13 302 254 274 273 318 286 12 398
Ni45Co5Mn37In13 283 245 275 270 303 295 20 399
Ni43Co7Mn37In13 ... ... ... ... ... ... ... 438a
Ni45Co5Mn38In12 392 374 385 385 401 394 9 412
Ni43Co7Mn38In12 368 337 355 410 431 422 67 441
Ni42Co8Mn38.5In11.5 422b 377b 410b 426b 444b 442b 32b 453b
Ni41Co9Mn39In11 365b ... ... 403b 451b 412b ... 464b
Ni39Co11Mn39In11 ... ... ... 347b 407b 364b ... 470b
a determined by TMA in an applied magnetic field of µ0H = 1mT
b determined by SQUID in an applied magnetic field of µ0H = 1 T
memory alloys.
Concerning Ni45Co5Mn38In12, there was a decrease of the magnetization change during
the martensitic transformation of 12 Am2 kg−1, and subsequently, TA, TM, and T AC
are affected as well. Thus, TA, TM and T AC increase, e.g., TA by 99 K and T AC by
13 K. However, ∆ THyst decreased from 20 to 9 K, which is comparable to ∆ THyst of
Ni45.2Co5.1Mn36.7In13. These values are similar to those of the Mn-rich Ni-based Heusler
alloys described in Section 4.3.3.2. Hence, these alloys are attractive for magnetocaloric
applications owing to a possible reduction in energy consumption as a result of the small
thermal hysteresis.
Concomitantly, the substitution of the 3d transition metal Co with the previously dis-
cussed Co-doped Ni-Mn-In Heusler alloy Ni45Co5Mn38In12 led to a broadening of ∆ THyst,
which means that ∆ THyst increased by 58 K. Additionally, T AC increased from 412 to
441 K, whereas the magnetization of austenite and martensite remained unaffected, i.e.,
the austenite showed FM and the martensite showed PM.
No martensitic transformation across the entire temperature range in the Heusler alloy
Ni43Co7Mn37In13 was obtained. Its thermomagnetic curve is shown in Fig. A.5.1 in the
Appendix in Section A.5. There was only a purely second order magnetic transition
at T AC = 438 K. This result is in good agreement with the microstructural analysis.
However, the reason for the presence of the L10 phase in the diffraction pattern is still
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unclear. Therefore, further investigation is required, e.g., temperature dependent PXRD
analysis. However, this is beyond the scope of this Ph.D. thesis.
Ni-(Co-)Mn-In Heusler alloys with higher amounts of Co and Mn are displayed in
Fig. 5.4.4(b). A further small substitution of Co and Mn increased TA and TM by 20 K
and 55 K, respectively. Additionally, T AC increased from 441 to 453 K. However, the
magnetization change during the martensitic transformation remained constant. Thus,
the austenite was ferromagnetically ordered and the martensite showed PM.
Nevertheless, a further substitution with the 3d transition metals Co and Mn in
Ni41Co9Mn39In11 and Ni39Co11Mn39In11 changed the magnetization of the austenite
and martensite. Both Ni-Co-Mn-In Heusler alloys were ferromagnetically ordered in
the austenite, whereas Ni41Co9Mn39In11 showed AFM and Ni39Co11Mn39In11 showed
FM in the martensitic phase. Thus, in Ni39Co11Mn39In11, a metamagnetic transition
was present. Therefore, the magnetization was similar to that in the studied Heusler
alloy Ni45Co5Mn37In13 and to the Ni-Co-Mn-In Heusler alloys reported in the litera-
ture [144–146], denoting them as metamagnetic shape memory alloys.
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Figure 5.4.5.: (a) Curie (T AC ) and reverse martensitic transition temperatures (TA) as a function of the
Co-content and (b) the valence electron concentration e/a in µ0H = 1 mT. Black symbols
refer to a Mn-content of 35 at.%, blue symbols to 37 at.%, red symbols to 38 at.% and
green symbols to 39 at.%. Lines are visual guides.
In Fig. 5.4.5, the T -zCo-diagram and the T -e/a-diagram of the studied Ni-(Co-)Mn-In
Heusler alloys are shown. The Fig. also shows e/a as function of TA and T AC . Clearly,
T AC is not as highly affected as TA by e/a. Hence, TA decreases with decreasing e/a, and
therefore, with higher doping of the 3d transition metal Co. For Mn38, there it may be
exists a threshold up to a certain amount of Co in which a martensitic transformation is
present. This phenomenon can be explained by changes in the electronic structure of the
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studied Heusler alloys. Similar results are reported for Ni-Co-Mn-Sn and Ni-Co-Mn-In
Heusler alloys [158,174]. Comparable correlations of Ni- and Mn-based Heusler alloys are
reported for the main group elements Ga, In, Sb, and Sn [21,153,166,175]. Therefore, the
obtained results agree well with the literature. Furthermore, the correlations with e/a
and zCo are very useful for designing new MCMs.
5.4.3.3. Transport properties
To investigate the electrical resistivity, ρ(T ), and thermal conductivity, κ(T ), of Heusler
alloys, a suitable Ni-(Co-)Mn-In alloy was selected, i.e., Ni45Co5Mn37In13. The results
of this analysis in the absence of µ0H, starting from 350 K, are displayed in Figs. 5.4.6(a)
and (b) for ρ(T ) and κ(T ), respectively. In the Heusler alloy Ni45Co5Mn37In13, a sharp
martensitic transformation in the presence of a sudden jump of ≈ 2.6 µΩm was ob-
tained. The corresponding martensitic transition temperatures were Ms,ρ = 305 K, Mf,ρ
= 239 K, and TM,ρ = 276 K (shown in Table 5.4.5). These values are in good agreement
with the martensitic transition temperatures previously determined by magnetization
and thermal analysis. During the first order magnetostructural transition, the austenite
and martensite coexist, whereby the martensitic fraction transforms to austenite. Conse-
quently, austenite exhibits metallic behavior and the martensite exhibits semiconductor-
like behavior. These sharp martensitic transformations are comparable to those of Ni-
(Co-)Mn-In Heusler alloys previously reported by Sharma et al. [140], Kustov et al. [146],
and Dubenko et al. [176].
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Figure 5.4.6.: (a) Temperature dependence of ρ(T ) and (b) κ(T ) of Ni45Co5Mn37In13 in the vicinity of
the martensitic transformation.
Additionally, Fig. 5.4.6(b) shows the κ(T ) curve of Ni45Co5Mn37In13, which increases
across the entire temperature range (0 ≤ T ≤ 350 K). Therefore, the main contribution
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to the total κ(T ) originates from the conduction electrons, similar to the studied Sn-
containing Heusler alloys Mn50Ni40Sn10 and Mn50Ni41Sn9.
Table 5.4.5.: Martensitic transformation parameters of Ni45Co5Mn37In13 as determined by ρ(T ) and
κ(T ).
Method Ms Mf TM As Af TA ∆ THyst
[K] [K] [K] [K] [K] [K] [K]
ρ(T ) 305 239 276 271 323 300 24
κ(T ) 318 265 300 287 326 313 13
5.4.4. Investigation of the MCE by different methods
After completion of the systematic analysis of the prepared Ni-(Co-)Mn-In Heusler alloys,
the emphasis shifts to investigation of the MCE by two different methods. Isothermal
magnetization analysis is discussed first and then the usage of a calorimeter, with the
opportunity to apply a maximum magnetic field µ0Hmax of 1.9 T. Both methods are
indirect techniques for investigating the key figures of merit of the MCE, i.e., ∆SM and
∆Tad.
For this purpose, four Ni-(Co-)Mn-In Heusler alloys were selected, i.e., Ni49.9Mn34.5In15.6,
Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, and Ni45Co5Mn38In12. However, before con-
centrating on the isothermal magnetization and the calorimetric in-field analysis, atten-
tion is paid to the thermomagnetic curves in different magnetic fields (µ0H = 0.1, 2, and
7 T).
Concerning Ni49.9Mn34.5In15.6, there was no martensitic transformation under applied
magnetic fields of µ0H = 0.1 T or 2 T, which means that the L21 Heusler-type crys-
tal structure was present across the entire temperature range [shown in Fig. 5.4.7(a)].
Additionally, no significant differences between the cooling and the heating modes were
obtained. Thus, ferromagnetic interactions and no chemical disorder between the Ni
and Mn atoms were present [177]. For this reason, this alloy crystallizes in the sg Fm3m
[cF16, Ni on 8c (14 ,
1
4 ,
1
4), Mn on 4b (
1
2 ,
1
2 ,
1
2), and (Mn0.38,In0.62) on 4a (0,0,0)].
Thus, focusing on the hysteresis loop measured at 1.8 K [shown in Fig. 5.4.7(b)]
Ni49.9Mn34.5In15.6 exhibits a large saturation magnetic moment msat of 6.22 µB. Recently,
Nayak et al. [178] attributed an msat of 6 µB in pulsed-high magnetic fields (µ0H ≤ 60 T)
in Ni- and Mn-based Heusler shape memory alloys to a field-induced martensitic transfor-
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Figure 5.4.7.: Temperature dependent magnetization of (a) Ni49.9Mn34.5In15.6 in µ0H = 0.1 and 2 T
and (b) its related hysteresis loop measured at 1.8 K. Thermomagnetic curves of (c)
Ni45.2Co5.1Mn36.7In13, (d) Ni45Co5Mn37In13, and (e) Ni45Co5Mn38In12 in µ0H = 0.1, 2,
and 7 T during cooling and heating modes.
mation at higher magnetic fields. However, this result makes it clearly evident that the
high macroscopic experimental value originates from the austenitic phase. Additionally,
it is the highest value ever obtained in Heusler alloys. Hence, this value is comparable
to that of the rare-earth archetype Gd.
Table 5.4.6.: Calculated partial and total magnetic moments of Ni49.9Mn34.5In15.6. The total energies
of this alloy are shown, whereby the lowest ∆E value is taken to be 0 meV as a reference.
Reproduced with permission from Ref [157].
Type mMn4a mMn4b mNi8c mcalctot ∆E
[µB] [µB] [µB] [µB] [meV]
FM 3.91 3.75 0.49 6.21 0
FIM −4.07 3.76 0.26 2.73 252
For verification of the msat of 6.22 µB, abinitio calculations were carried out by using the
experimental lattice parameter a and the atomic positions determined by PXRD analysis.
It is known from the previous discussion of Ni2−xMn1+xSn in Chapter 3 in Section 3.4.6.1
that in Heusler alloys, the magnetic moment is localized on the Mn atoms, and thus, they
contribute mainly to the total magnetic moment. Therefore, a starting partial magnetic
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moment of 3.0 µB was selected for the Mn atoms on the 4a and 4b sites. In addition to
that, only a small contribution originates from the Ni atoms (mNi8c = 0.3 µB), whereas
that of In is negligible as compared to that of Sn (mSn4a = mIn4a ≈ 0 µB). Thus, theoretical
calculations in the ferri- and ferromagnetic spin configurations were performed and the
results are listed in Table 5.4.6. The lowest ∆E was obtained in a ferromagnetic coupling
with a total calculated moment of 6.21 µB, which is in reasonable agreement with the
experimental value. However, for the ferrimagnetic spin configuration at ∆E = 252 meV,
a larger total energy with a high partial magnetic moment of 3.76 µB per Mn atom at
the 4b site and an antiparallel-aligned moment of −4.07 µB per Mn atom at 4a at 1.6 K
resulted. Consequently, a total calculated magnetic moment of 2.62 µB was found. This
result indicates the strengthening of the ferromagnetic coupling of the Mn atoms at the
Wyckoff positions 4a and 4b. However, these results are contradictory to the calculations
of the Ni-Mn-In Heusler alloys reported by Chakrabarti and Barman [179], resulting in
a much smaller total magnetic moment that originates in the martensite. A possible
reason for this is may be the presence of antiferromagnetic coupling, indicating chemical
disorder between the Ni and Mn atoms. The presence of a martensitic transformation
could also be a reason for the differences in the magnetic moments.
Table 5.4.7.: Martensitic transition parameters of the prepared Ni-(Co-)Mn-In Heusler alloys as deter-
mined by magnetometry in µ0H = 0.1, 2, and 7 T.
Nominal composition µ0H Ms Mf TM As Af TA ∆ THyst T AC
[T] [K] [K] [K] [K] [K] [K] [K] [K]
Ni49.9Mn34.5In15.6
0.1 ... ... ... ... ... ... ... 316
2 ... ... ... ... ... ... ... 319
Ni45.2Co5.1Mn36.7In13
0.1 302 254 274 273 318 286 12 398
2 278 235 255 257 295 274 19 396
7 228 155 191 253 201 225 34 398
Ni45Co5Mn37In13
0.1 283 245 275 270 303 295 20 399
2 275 216 258 256 298 280 22 398
7 214 166 188 192 261 230 42 398
Ni45Co5Mn38In12
0.1 392 374 385 385 401 394 9 412
2 387 371 382 380 396 387 5 421
7 377 356 367 369 390 380 13 431
Concerning the Co-doped Ni-Mn-In Heusler alloys Ni45.2Co5.1Mn36.7In13,
Ni45Co5Mn37In13, and Ni45Co5Mn38In12, the reverse martensitic transformation temper-
atures As, Af , and TA decreased to lower values with increasing µ0H from 0.1 to 7 T,
whereas in
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Ni45.2Co5.1Mn36.7In13 and Ni45Co5Mn37In13, T AC remained unaffected (listed in Table 5.4.7).
For instance, for Ni45Co5Mn37In13 TA decreased by 65 K and T AC remained constant at
≈ 398 K by changing µ0H from 0.1 to 7 T.
In the case of Ni45Co5Mn38In12, the magnetization change during the martensitic trans-
formation increased with enhancement of µ0H from 38 Am2 kg−1 at µ0H = 0.1 T to
66 Am2 kg−1 at µ0H = 2 T and finally to 81 Am2 kg−1 at µ0H = 7 T. However,
in Ni45.2Co5.1Mn36.7In13 and Ni45Co5Mn37In13, this phenomenon was only present for
µ0∆H = 1.9 T. Thus, the magnetization change during the martensitic transformation
increased by 50% for both Co-doped Ni-Mn-In Heusler alloys.
Additionally, in Ni45.2Co5.1Mn36.7In13 and Ni45Co5Mn37In13, the martensitic transfor-
mation was kinetically arrested at a high µ0H = 7 T. Hence, the austenite did not
transform to martensite, even when the magnetic field was removed. This phenomenon
has been reported in the literature for Ni- and Mn-based Heusler alloys [145,180–182], and
consequently, they are in reasonable agreement.
5.4.4.1. Isothermal magnetization analysis
Now the emphasis is on the isothermal magnetization analysis of Ni45Co5Mn38In12,
Ni45Co5Mn37In13, and Ni49.9Mn34.5In15.6. In the case of Co-containing Ni-Mn-In Heusler
alloys, thermal hysteresis under isothermal conditions is obvious (shown in Fig. 5.4.8), in-
dicating a first order magnetostructural transition. However, for Ni49.9Mn34.5In15.6, the
isothermal magnetization curves increase monotonically owing to a second order phase
transition from a ferromagnetic order to PM.
Concerning Ni45Co5Mn38In12, the thermal hysteresis and the magnetization increased
with increasing temperature, as shown in Fig. 5.4.8(a), indicating PM at 372 K and a
ferromagnetic order at 400 K. However, in Ni45Co5Mn37In13, the martensitic transfor-
mation already started at 246 K, which means that the isotherms are similar across the
entire measured temperature range (246 − 284 K) owing to an antiferromagnetic order
in the martensite. Therefore, the magnetic moments can align anti-parallel more easily
than in the paramagnetic state.
For all three studied Heusler alloys, ∆SM was calculated from the measured isotherms
by using the Maxwell relations (equation 2.2) and Ref [14]. The results in comparison
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Figure 5.4.8.: Magnetization isotherms for (a) Ni45Co5Mn38In12 between 372 and 400 K, (b)
Ni45Co5Mn37In13 between 246 and 284 K, and (c) Ni49.9Mn34.5In15.6 between 270 and
340 K. The isotherms were measured in ∆T = 2 K steps. The hatched area in (a) indi-
cates the hysteresis loss [HL(T )] and the arrows indicate the cooling and heating modes.
(d) Magnetic entropy changes ∆SM(T ) for the investigated alloys in comparison to Gd,
reproduced with permission from Tegus et al. [6]. (e) Comparison of [HL(T )] for the
related alloys and (f) their corresponding adiabatic temperature changes ∆Tad(T ).
to those of the rare-earth archetype Gd according to Tegus et al. [6] are displayed in
Fig. 5.4.8(d). For Ni45Co5Mn37In13 and Ni45Co5Mn38In12, maximum ∆SM values of
8.7 J kg−1 K−1 at 263 K and 8.9 J kg−1 K−1 at 399 K at µ0∆H = 5 T are revealed.
However, the temperature limits of the commercial system (MPMS3) did not permit
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characterization of ∆SM at T ≥ 400 K.
Especially, for the Heusler alloy Ni45Co5Mn37In13, the temperature range of ∆SM is
with ≈ 33 K very broad. Therefore, this compound is an attractive candidate for
magnetocaloric applications. The Co-containing Heusler alloys Ni45Co5Mn38In12 and
Ni45Co5Mn37In13 exhibit an inverse MCE, in contrast to Ni49.9Mn34.5In15.6 and Gd,
which exhibit a conventional MCE. The reason for this phenomenon is the presence
of a purely second order magnetic phase transition, whereas the two Co-doped Ni-
and Mn-based Heusler alloys exhibit a first order magnetostructural phase transition.
Hence, the non-Co-doped Heusler alloy Ni49.9Mn34.5In15.6 possessed a maximum ∆SM =
−6.3 J kg−1 K−1 at TC = 317 K as compared to Gd [6], where ∆SM = −8.4 J kg−1 K−1
at TC = 292 K at µ0∆H = 5 T. Generally, the maxima of ∆SM of the investigated
Ni-(Co-)Mn-In Heusler alloys are comparable to those of Gd. However, the Ni-(Co-)Mn-
In Heusler alloys have additional advantages in that they are rare-earth free, non-toxic,
environmentally friendly, and inexpensive [183]. Additionally, at µ0∆H = 2 T ∆SM,max
is reduced by 69% in Ni45Co5Mn38In12, by 35% in Ni45Co5Mn37In13, and by 48% in the
non-Co-doped Heusler alloy Ni49.9Mn34.5In15.6.
Concerning the inverse MCE exhibiting Heusler alloys Ni45Co5Mn37In13 and
Ni45Co5Mn38In12, the hysteresis loss, HL(T ), was calculated from the thermal hysteresis
of the magnetization isotherms according to Provenzano, Shapiro and Shull [184], illus-
trated as the hatched area in Fig. 5.4.8(a). For instance, for Ni45Co5Mn38In12, the
thermal hysteresis HL increased with increasing temperature, exhibiting a maximum of
35 J kg−1 at 400 K, whereas for Ni45Co5Mn37In13, HL was five times higher.
For complete characterization of the magnetocaloric properties of the studied
Ni-(Co-)Mn-In Heusler alloys, direct ∆Tad analysis on a selected composition was carried
out, i.e., Ni49.9Mn34.5In15.6 [shown in Fig. 5.4.8(f)]. In µ0∆H = 2 T, ∆Tad = 1.9 K,
whereas in µ0∆H = 1 T, ∆Tad = 1.5 K. ∆SM,max and ∆Tad,max values obtained in
this study were significantly higher than the values of a similar composition, reported by
Moya et al. [169]. The reason for this is probably the presence of chemical disorder between
the Ni and Mn atoms in the aforementioned publication, resulting in antiferromagnetic
coupling of the Mn atoms. Consequently, msat decreased significantly in comparison to
the value found in the present study.
86
5.4. Results and Discussion
Concerning Ni49.9Mn34.5In15.6, the values of ∆Tad obtained in this direct investigation
were similar to those of other Ni- and Mn-based Heusler alloys [185–187] at their first
order magnetostructural phase transition. However, they were smaller in contrast to
those of the rare-earth archetype Gd [188]. Although ∆Tad in Ni49.9Mn34.5In15.6 and Gd
is completely reversible owing to a purely second order magnetic phase transition, the
high values reported by Liu et al. [23] are irreversible. The irreversibility originates from
the presence of a first order magnetostructural phase transition, and consequently to
thermal hysteresis. Owing to the absence of these properties, Ni49.9Mn34.5In15.6 is worth
testing as an MCM as it could be an alternative to the benchmark material Gd.
5.4.4.2. Calorimetric in-field analysis
After the study on the MCE by isothermal magnetization analysis, a calorimetric anal-
ysis in µ0Hmax of 1.9 T was performed. For this purpose, the Co-containing Ni-Mn-In
Heusler alloys Ni45Co5Mn38In12 and Ni45.2Co5.1Mn36.7In13 were selected, whereby the
latter compound shows a giant MCE according to the report by Liu et al. [23].
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Figure 5.4.9.: Calorimetric analysis of the MCE of Ni45.2Co5.1Mn36.7In13 and Ni45Co5Mn38In12 in the
absence of an applied magnetic field and in µ0H = 1.9 T: (a) Specific heat cp(T ), (b)
latent heat λ(T ), (c) magnetic entropy change ∆SM(T ), and (d) adiabatic temperature
change ∆Tad(T ). "C" indicates the cooling and "H" the heating modes.
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Concerning both alloys, Ni45Co5Mn38In12 exhibited a larger specific heat, cp, and latent
heat, λ, than Ni45.2Co5.1Mn36.7In13 (shown inFig. 5.4.9). Thus, in the heating mode, a
very high ∆SM of 11.5 J kg−1 K−1 for Ni45Co5Mn38In12 in comparison to 8.6 J kg−1 K−1
for Ni45.2Co5.1Mn36.7In13 was obtained. The latter alloy shows a broadened martensitic
transformation of > 30 K in the cooling and heating modes.
A comparison of both investigated Heusler alloys shows that a small variation in the
amount of Mn did not change ∆Tad significantly. Thus, ∆Tad of ≈ −3.4 K is very low in
comparison to −6.2 K, reported by Liu et al. [23]. The probable reason for these results is
that ∆Tad was not exactly measured at TM and because an indirect method was used for
investigation of the MCE. Also, the obtained values of ∆SM and ∆Tad were significantly
higher than those for other Co-doped Ni- and Mn-Heusler alloys [56,189] measured with
this method.
Comparing Ni45Co5Mn38In12 at ∆µ0H ≈ 2 T, investigated by isothermal magnetization
(∆SM,max = 2.8 J kg−1 K−1) and calorimetric in-field analysis (∆SM,max = 11.5 J kg−1 K−1),
the latter method was found to be a more appropriate way to determine the key param-
eter ∆SM of the MCE. This result has been published before by Pecharsky and Gschnei-
dner [13], and by Porcari et al. [56]. Therefore, the current results are in good agreement
with the literature.
After ∆SM and ∆Tad there are more key parameters for characterizing the MCE of a
suitable MCM precisely, e.g., the refrigerant capacity (RC), the "relative cooling power"
(RCP ) and the coefficient of refrigerant performance (CRP ). These parameters are used
as basic principles for magnetocaloric refrigeration design, and they will support the
development of efficient, compact, lightweight, and reliable refrigerators [190]. However,
these figures of merit are considered more from an engineer’s point of view because the
largest ∆SM in the smallest possible volume is required. Additionally, when comparing
the ∆SM values, ∆Tad is not considered. Therefore, the RC is introduced, according to
Gschneidner et al. [191,192]. This is the energy that is required to transform heat between
the cold, Tcold, and hot, Thot, sinks in one thermodynamic cycle in an applied field [184,193],
which is defined as:
RC(∆H) =
Thot∫
Tcold
∆SM(T, ∆H) dT (5.1)
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.
A comparable measure to RC is RCP as described by Guillou et al. [193], and Gschneidner
and Pecharsky [194], which can be calculated by:
RCP = ∆SM,maxδ TF W HM (5.2)
,
where δ TF W HM = Thot − Tcold.
In some cases, RC and RCP are overestimated. Therefore, a third figure of merit, the
coefficient of refrigerant performance (CRP ), was proposed by Wood and Potter [190].
With this figure of merit, it is possible to compare gas and magnetic refrigerator types.
CRP is defined as the ratio of RC to the positive work that is carried out by the
refrigerant during one thermodynamic cycle. CRP can be described by:
CRP = ∆SM,maxδ TF W HM
Hmax∫
0
M(Tt, H) dH ′
(5.3)
,
where M(Tt, H) is the magnetization at the transition temperature. For the studied
Heusler alloys Ni49.9Mn34.5In15.6, Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, and
Ni45Co5Mn38In12, the calculation of the figures of merit, RC, RCP , and CRP , were
performed and the results are shown in Table 5.4.8, in addition to the figures of merit
of previously reported Ni-(Co-)Mn-In Heusler compounds [159,195], the rare-earth ele-
ment Gd, and its related alloy, Gd5Si2Ge2. The non-Co-doped Ni-Mn-In Heusler al-
loy Ni49.9Mn34.5In15.6 reveals RC = 88 J kg−1, RCP = 119 J kg−1, and CRP = 0.59
at µ0∆H = 2 T. In comparison to the Heusler alloy Ni50Mn34In16 reported by Sharma,
Chattopadhyay and Roy [195], the current values are much higher. Additionally, ∆SM,max
in Ni49.9Mn34.5In15.6 is negative, indicating a conventional magnetocaloric effect, whereas
in the reported alloy Ni50Mn34In16, an inverse MCE is present. A probable reason for
that is the absence of a first order magnetostructural phase transition in the studied
Heusler alloy Ni49.9Mn34.5In15.6.
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Table 5.4.8.: ∆SM,max, ∆Tad,max, the refrigerant capacity (RC), the "relative cooling power" (RCP )
and the coefficient of refrigerant performance (CRP ) of the MCE in ∆ µ0H = 1.9 T for
a selection of Ni-(Co-)Mn-In alloys as determined by calorimetric in-field analysis.
Nominal composition ∆SM,max ∆Tad,max RC RCP CRP Reference
[J kg−1 K−1] [K] [J kg−1] [J kg−1]
Ni49.9Mn34.5In15.6
−3.3a ... 88a 119a 0.59a This work
−6.3b ... 256b 347b 1.72b
Ni45.2Co5.1Mn36.7In13 8.6 −3.3 134 172 ... This work
Ni45Co5Mn37In13 8.7b ... 258b 287b 1.67b This work
Ni45Co5Mn38In12 11.6 −3.5 148 186 4.6c This work
Gd −5.0
a ... 178a 380a 0.57a [196]
−9.7b ... 556b 737b 1.11b
Gd5Si2Ge2 −19b ... 305b 532b 7.82b [184]
Ni50Mn34In16
6.7a ... 53a 42a ... [195]
18.6b ... 181b 231b ...
Ni45Co5Mn36.6In13.4 19.5b ... 351b 390b ... [159]
a determined by isothermal magnetization analysis in an applied magnetic field change of µ0∆H = 2 T
b determined by isothermal magnetization analysis in an applied magnetic field change of µ0∆H = 5 T
c value in the denominator (eq. 5.3) results from isothermal magnetization analysis in µ0∆H = 5 T
The obtained RC and RCP values for Ni45.2Co5.1Mn36.7In13 were lower than those for
Ni45Co5Mn38In12 at µ0∆H = 2 T as a result of the slightly reduced amount of Mn. How-
ever, for both Co-containing Heusler alloys, the values of RC and RCP are much higher
than those for the non-Co-doped Heusler alloys Ni49.9Mn34.5In15.6 and Ni50Mn34In16.
Similar behavior is known in the literature and was reported by Huang et al. [183]. There-
fore, this phenomenon is in good agreement with previous studies.
In contrast to the Heusler compound Ni45Co5Mn36.6In13.4 (RC = 351 J kg−1) reported
by Chen et al. [159], the studied Co-containing Heusler alloy Ni45Co5Mn37In13 exhibited
RC = 258 J kg−1 at µ0∆H = 5 T, which is significantly reduced. However, this value
is higher than that for an equivalent composition reported by Huang et al. [183]. The
probably origin of this reduced RC value was that the values were deduced from Liu
et al. [197].
Among the magnetocaloric materials, the rare-earth element Gd exhibited the highest
RC of 556 J kg−1 at µ0∆H = 5 T, whereas that for Gd5Si2Ge2 decreased by 251 J kg−1.
Hence, Gd is used as a benchmark for the investigation and characterization of new
MCMs, and consequently, as a working unit for construction of magnetocaloric proto-
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types [11,39,40]. Despite the reduced values of RC and RCP for the studied Ni-(Co-)Mn-
In Heusler alloys, they have advantages such as being rare-earth free, non-toxic, and
environmentally friendly. Hence, they are promising candidates as working units in mag-
netocaloric prototypes [183], as was realized by the American company GE [44] in 2014.
Thus, they constructed a magnetocaloric prototype based on a Ni- and Mn-containing
Heusler alloy.
5.4.5. Effect of annealing on the martensitic transformation in the
Heusler alloy Ni45.2Co5.1Mn36.7In13
In the context of the investigation of the MCE by using calorimetric in-field analysis,
the effect of annealing on the martensitic transformation of Ni45.2Co5.1Mn36.7In13 was
studied in order to tune the MCE. According to Liu et al. [23], a giant MCE is attributed
to this Co-doped Ni-Mn-In Heusler alloy. In the following, the as-prepared alloy was
prepared by melting the pure elements and performing a heat treatment at 1073 K for
3 weeks with ice-water quenching. The post-annealed alloy resulted from a subsequent
annealing procedure at 973 K for 5 h and slow cooling to r.t.
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Figure 5.4.10.: Calorimetric analysis of the MCE of the as-prepared and post-annealed alloy
Ni45.2Co5.1Mn36.7In13 without an external magnetic field and in µ0H = 1.9 T: (a)
specific heat cp(T ), (b) latent heat λ(T ), (c) ∆SM(T ), and (d) ∆Tad(T ).
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In Figs. 5.4.10(a)-(b), it is possible to see that the as-prepared alloy exhibits a lower cp
and λ than the post-annealed compound. Thus, for the post-annealed alloy in the heating
mode, a ∆SM,max of 18.9 J kg−1 K−1 and a ∆Tad,max of −5.7 K resulted. These values
are significantly higher than those of the as-prepared alloy (∆SM,max = 8.6 J kg−1 K−1
and ∆Tad,max = −3.2 K), which shows that the heat treatment significantly improved
the MCE, i.e., ∆SM and ∆Tad; it also shifted the martensitic transition temperatures to
higher values. However, in the literature [147,151], different behavior has been observed.
For instance, in Ni45Co5Mn36.7In13.3, the maximum of ∆SM decreases from 38 J kg−1
K−1 at 311 K (as-prepared) to 31 J kg−1 K−1 at 279 K (573 K-annealed) in µ0∆H
= 5 T [147,151]. A possible reason for these results are stress and structural relaxation
during the post-annealing process, the performance of the heat treatment, and variation
in the composition.
It should also be pointed out that the ∆Tad value of the post-annealed alloy is very
close to that of −6.2 K reported by Liu et al. [23]. Therefore, the current results are in
reasonable agreement with the literature values; moreover, it can be verified that the
Heusler alloys are promising candidates for magnetocaloric applications. Additionally,
it should be noted that the ∆Tad value of Liu et al. [23] was obtained from the direct
measurement of ∆Tad using a homebuilt-setup with a Hallbach cylinder, whereas in this
present study, the analysis was performed with an indirect method. Perhaps the value
would even higher if it was measured again using a direct method.
Concerning the figures of merit, RC and RCP , of the post-annealed alloy
Ni45.2Co5.1Mn36.7In13 at µ0∆H = 2 T, RC and RCP were 184 J kg−1 and 227 J kg−1,
respectively. These values increased significantly in contrast to the as-prepared alloy
(RC = 134 J kg−1 and RCP = 172 J kg−1). A probable reason for this is the decreased
and broadened ∆SM of the as-prepared alloy in the heating mode. The increase of RC
and RCP is in good agreement with a very similar Co-doped Ni-Mn-In Heusler alloy [147].
5.5. Conclusion and Summary
As part of this Ph.D. thesis, a series of Ni-(Co-)Mn-In Heusler alloys was prepared and
systematically studied. It was found that the compounds with the highest amounts of
Co and Mn exhibited a secondary phase next to their nominal composition at r.t., i.e.,
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the γ phase. For instance, for Ni42Co8Mn38.5In11.5, a Co-rich fcc γ phase was obtained
as the secondary phase (Ni32.9Co25.9Mn40.3), as well as a tetragonal L10 (P4/mmm,
CuAu structure type, sg: 123) martensitic crystal structure with lattice parameters of
a = 3.921(2) Å and c = 6.831(1) Å. The c/a-ratio was ≈ 1.74. However, both non-
Co-doped Ni-Mn-In Heusler alloys, Ni49.9Mn34.5In15.6 and Ni49.8Mn35In15.2, possessed
cubic L21 Heusler-type structures (cF16, Fm3m, sg: 225) with lattice parameters of a
= 6.005(1) Å (Ni49.9Mn34.5In15.6) and a = 6.002(1) Å (Ni49.8Mn35In15.2) at r.t.
Interestingly, Ni49.8Mn35In15.2 showed a martensitic transformation with reverse marten-
sitic transition temperatures of As = 109 K, Af = 178 K, and TA = 153 K, whereas
Ni49.9Mn34.5In15.6 showed only a purely second order magnetic phase transition at T AC
= 316 K in µ0H of 0.1 T. Additionally, Ni49.9Mn34.5In15.6 had a large saturation mag-
netic moment of msat = 6.22 µB, which was the highest value ever obtained in Heusler
alloys. For verification of this result, ab initio calculations were carried out and a value
of 6.21 µB was obtained. This value was in good agreement with the experimental result,
indicating ferromagnetic coupling of the Mn atoms and no chemical disorder between Ni
and Mn.
In Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, Ni45Co5Mn38In12, and Ni43Co7Mn38In12, a
martensitic transformation was obtained above r.t., resulting in a tetragonal L10 marten-
sitic crystal structure at r.t. This first order magnetostructural phase transition was
verified in ρ(T ) and κ(T ) as well. For instance, in Ni45Co5Mn37In13, a sudden jump of
ρ ≈ 2.6 µΩm in the presence of the martensitic transformation was obtained.
Furthermore, it is worth mentioning that with higher doping of Co, the reverse marten-
sitic transition temperature TA decreased with decreasing e/a. This phenomenon can be
explained by changes in the electronic structure. Consequently, a detailed T -e/a-diagram
was derived.
Additionally, the MCE in Ni49.9Mn34.5In15.6, Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13,
and Ni45Co5Mn38In12 was studied by two different methods, i.e., isothermal magneti-
zation and calorimetric in-field analysis. Thus, a conventional MCE with a maximum
∆SM of −6.3 J kg−1 K−1 at ∆ µ0H = 5 T and ∆Tad,max = 1.9 K at ∆ µ0H = 2 T for
Ni49.9Mn34.5In15.6 was observed, whereby the MCE was completely reversible owing to a
purely second order magnetic phase transition. Concerning the other studied Co-doped
Ni- and Mn-based Heusler alloys, they exhibited an inverse MCE and a first order mag-
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netostructural phase transition. Thus, the MCE was irreversible, which originated from
the thermal hysteresis. For these Heusler alloys, the figures of merit, RC, RCP , and
CRP , as key parameters for magnetocaloric refrigeration design were calculated, and
subsequently, compared to published data for similar compositions, and to the bench-
mark material Gd and its related alloy, Gd5Si2Ge2. In contrast to the references [183,195],
the values in the present study are significantly higher; however, they are lower as com-
pared to Gd and Gd5Si2Ge2. They also have the advantage of being rare-earth free,
non-toxic, and environmentally friendly.
Finally, the effect of annealing on the martensitic transformation of Ni45.2Co5.1Mn36.7In13
in ∆ µ0H = 1.9 T was studied in order to tune the MCE. It is important to mention
that the MCE could be improved significantly and the martensitic transition tempera-
tures could be shifted to higher temperatures. For instance, for the post-annealed alloy
∆SM,max = 18.9 J kg−1 K−1 and ∆Tad,max = −5.7 K resulted in the heating mode,
whereas the as-prepared compound exhibited much smaller values
(∆SM,max = 8.6 J kg−1 K−1 and ∆Tad,max = −3.2 K). ∆Tad,max = −5.7 K is in reason-
able agreement with the ∆Tad = −6.2 K reported by Liu et al. [23], which makes these
types of alloys promising candidates for magnetocaloric applications.
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In this Ph.D. thesis, a systematic study of the Heusler series: Ni2−xMn1+xSn,
Mn50Ni50−ySny, and Ni-(Co-)Mn-In was performed. This investigation was important
for building phase diagrams of the compounds. In general, it is worth mentioning that
Heusler alloys are very sensitive to changes in the composition, different heat treatments
and the sample preparation method.
In detail, during the study of the effect of chemical disorder on the magnetic and trans-
port properties on the Heusler series Ni2−xMn1+xSn, it was shown that the structure
and the disorder characteristics can be predicted by using simple rules and a general for-
mula, namely, (X1−u−x/2, Yu+x/2)4d(X1−v−x/2, Yv+x/2)4c(Xu+v, Y1−u−v)4bZ4a. This for-
mula describes all possibilities of transition metal type disorders (X, Y ) with Z sites fully
occupied by a main group element and neglecting vacancies. Furthermore, this formula
can be generalized for other Heusler series with the general composition X2−xY1+xZ,
which would exhibit similar effects on the magnetic and transport properties.
Moreover, the end member Ni2MnSn crystallized in the cubic L21 structure type and ex-
hibited FM. However, with increasing x, Ni and Mn atoms randomly mixed and occupied
the HC sites of the regular Heusler structure, resulting in an L21b structure type, with
maximal disorder of Ni and Mn. Consequently, the magnetic structure became FIM. Ad-
ditionally, msat decreased linearly in the range 0.2 ≤ x ≤ 1, whereas TC increased. At a
low Mn-content (x < 0.2), the unit cell volume showed anomalous behavior characterized
by constant msat and TC . However, the reason for this anomaly is still unknown owing
to the lack of structural data. Therefore, it should be addressed again and in more detail
to achieve a better understanding in the Ni2−xMn1+xSn series of the physico-chemical
properties of transition metal-based Heusler alloys.
The transport properties [ρ(T ), S(T ), and κ(T )] strongly depended on the amount of
chemical disorder, which increased with increasing Mn-content, e.g., ρ(T ) at 300 K
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for x = 1 was eight times higher than that at x = 0. The results of first-principle
calculations based on the CPA alloy theory for the magnetic and electrical properties
were in reasonable agreement with the simple rules and all experimental data.
On the other hand, substitution and post-annealing are important tools for tuning and
improving the martensitic transformation and magnetic properties in Heusler alloys,
and thus, the MCE. This was studied in the Heusler series Mn50Ni50−ySny and Ni-
(Co-)Mn-In. In the case of the Heusler series Mn50Ni50−ySny, the main effect of the
substitution of Ni with Sn was the decrease of the martensitic transition temperatures,
and consequently, the absence of the martensitic transformation for higher values of Sn,
i.e., in the composition range 10 < ynom ≤ 23. A possible reason for these results
is the presence of a γ phase. Also, the substitution leads to chemical disorder, an
increase of the γ phase, and, finally, to suppression of the martensitic transformation.
Consequently, a detailed magnetic and structural isoplethal section in the composition
range 3 ≤ ynom ≤ 13 was derived, which is very useful for the design of new MCMs.
In addition to that, the martensitic transformation was also observed in the transport
characteristics [ρ(T ) and κ(T )]. In particular, ∆ THyst in Mn50Ni40Sn10 and Mn50Ni41Sn9
decreased, which might result in a possible reduction in energy consumption in magne-
tocaloric applications.
Lastly, in this present study, the effect of annealing on the martensitic transformation has
been discussed for the Mn50Ni40Sn10 and the Mn50Ni41Sn9 powder. The post-annealing
of the latter powder resulted in changes in the crystal structure of the martensite owing to
a stabilization of the austenitic phase. Therefore, during the martensitic transformation,
Ms, Mf and TM decreased, and ∆ THyst increased. This might be associated with a
release of stress during the annealing process.
In the context of the Heusler series Ni-(Co-)Mn-In, it should be pointed out that with
higher doping of Co, TA decreased with decreasing e/a, which originated from the
changes in the electronic structure. A possible reason for these results is again the
presence of a γ phase. Consequently, a detailed T -e/a-diagram has been derived.
Ni49.9Mn34.5In15.6 in particular crystallized in a cubic L21 Heusler-type structure at r.t.
and showed a purely second order magnetic phase transition. Hence, a large msat of
6.22 µB was observed, which is in good agreement with the ab initio calculations. It
is also the highest value ever obtained in Heusler alloys, which indicates FM coupling
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of the Mn atoms and no chemical disorder between Ni and Mn. Moreover, this alloy
exhibited a conventional MCE, with ∆SM,max = −6.3 J kg−1 K−1 at µ0∆H = 5 T and
∆Tad,max = 1.9 K at µ0∆H = 2 T, whereby the MCE was completely reversible. Con-
cerning Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, and Ni45Co5Mn38In12, they exhibited
an inverse MCE and a first order magnetostructural phase transition, which was also ob-
served in the transport characteristics [ρ(T ) and κ(T )]. Thus, the MCE was irreversible,
which originated from the thermal hysteresis. For these Heusler alloys, the figures of
merit, RC, RCP , and CRP as key parameters for magnetocaloric refrigeration design
were calculated, and subsequently, compared to published data of similar compositions,
and to those of the benchmark material Gd and its related alloy, Gd5Si2Ge2. In contrast
to the references [183,195], the values in the present study were significantly higher; how-
ever, they were lower as compared to Gd and Gd5Si2Ge2, and they have the advantage
that they are rare-earth free, non-toxic, and environmentally friendly.
Finally, the effect of annealing on the Heusler alloy Ni45.2Co5.1Mn36.7In13 showed that
the MCE could be tuned and improved significantly, i.e.,
∆SM,max = 18.9 J kg−1 K−1 and ∆Tad,max = −5.7 K in µ0∆H = 1.9 T were obtained.
Concomitantly, the martensitic transition temperatures were shifted to higher tempera-
tures, and consequently, this work shows that the Heusler alloys are promising candidates
for magnetocaloric applications.
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A. Appendix
A.1. Crystal structures of the Ni2-xMn1+xSn alloys
Table A.1.1.: Crystal data and Rietveld refinement results for Ni1.8Mn1.2Sn
Sample composition (ICP) 1
Sample color Metallic silvery
Sample mass (g) 8
Phases in sample Ni1.8Mn1.2Sn
Probe1, wave length, λ (Å) Neutron, 2.448
Neutron scattering length (10−12 cm) b(Mn) = −0.373, b(Ni) = 1.03,
b(Sn) = 0.6225
Container type, size Aluminium can, Ø 10 mm, l = 60 mm
Absorption correction, µr cylindrical sample, 0.7
Background Manual background combined with
10 Legendre polynomials
Profile function Gaussian
Temperature, T (K) 1.6 297
Rp,Rwp, Rwp expected 0.027, 0.038, 0.013 0.033, 0.048, 0.028
Goodness of fit, S 2.95 1.7
Ni1.8Mn1.2Sn
Chemical formula, Z Ni1.8Mn1.2Sn
Formula weight, M (g mol−1) 290.3
Crystal system cubic
Space group, no. Fm3m, 225
Unit cell dimensions1 (Å) 6.0587 6.0746
Unit cell volume, V (Å3) 222.4 224.2
Calculated density, Dcal(gcm−3) 8.666 8.599
Absorption coefficient, µ (mm−1) 0.06
2θ range (◦), step size 3.573 - 136.473, 0.15
RFall, RFwall 0.0119, 0.017 0.0116, 0.0155
Number of parameter/constraints 14/9
Weighting, Shift/sigma in last cycle based on measured s.u.’s: 0.008/0.009
Excluded regions for Al 61 - 65◦, 72 - 77◦, 114 - 120◦
Å. Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 7344 Eggenstein-Leopoldshafen,
Germany (fax: (+49)7247-808-666; email: crysdatafiz-karlsruhe.de), on quoting
the depository numbers CSD-428428 (1.6K) and CSD-428427 (297K)
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A.1. Crystal structures of the Ni2-xMn1+xSn alloys
Table A.1.2.: Crystal data and Rietveld refinement results for Ni1.2Mn1.8Sn
Sample composition (ICP) 1
Sample color Metallic silvery
Sample mass (g) 8
Phases in sample Ni1.2Mn1.8Sn
Probe1, wave length, λ (Å) Neutron, 2.448
Neutron scattering length (10−12 cm) b(Mn) = −0.373, b(Ni) = 1.03,
b(Sn) = 0.6225
Container type, size Aluminium can, Ø 10 mm, l = 60 mm
Absorption correction, µr cylindrical sample, 0.7
Background Manual background combined with
10 Legendre polynomials
Profile function Gaussian
Temperature, T (K) 23 297
Rp,Rwp, Rwp expected 0.028, 0.037, 0.016 0.040, 0.055, 0.034
Goodness of fit, S 2.33 1.63
Ni1.2Mn1.8Sn
Chemical formula, Z Ni1.2Mn1.8Sn
Formula weight, M (g mol−1) 288
Crystal system cubic
Space group, no. Fm3m, 225
Unit cell dimensions1 (Å) 6.1123 6.1309
Unit cell volume, V (Å3) 228.4 230.4
Calculated density, Dcal(gcm−3) 8.375 8.299
Absorption coefficient, µ (mm−1) 0.07
2θ range (◦), step size 3.573 - 136.473, 0.15
RFall, RFwall 0.0238, 0.0309 0.018, 0.0214
Number of parameter/constraints 19/9
Weighting, Shift/sigma in last cycle based on measured s.u.’s: 0.006/0.01
Excluded regions for Al 61 - 65◦, 72 - 77◦, 114 - 120◦
Å. Further details on the crystal structure investigations may be obtained from
the Fachinformationszentrum Karlsruhe, 7344 Eggenstein-Leopoldshafen,
Germany (fax: (+49)7247-808-666; email: crysdatafiz-karlsruhe.de), on quoting
the depository numbers CSD-428429 (23K) and CSD-428430 (297K).
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Appendix A. Appendix
A.2. Crystal structures of the Mn50Ni50−ySny alloys
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Figure A.2.1.: Comparison of the PXRD patterns of Mn50Ni50−ySny with ynom = 19, 21, 17, and 15
at r.t.
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Figure A.2.2.: Comparison of the PXRD patterns of Mn50Ni50−ySny with ynom = 11, 13, and 10 at r.t.
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A.3. Magnetism on Mn50Ni50−ySny alloys
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Figure A.2.3.: Comparison of the PXRD patterns of Mn50Ni50−ySny with
ynom = 3, 9, 7, and 5 at r.t.
A.3. Magnetism on Mn50Ni50−ySny alloys
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Figure A.3.1.: Thermomagnetic analysis of Mn50Ni50−ySny with ynom = 11, 10,
9, and 7 by means of TMA in an applied magnetic field of µ0H = 1 mT.
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Appendix A. Appendix
A.4. Crystal structures of the Ni-(Co-)Mn-In alloys
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Figure A.4.1.: Comparison of the PXRD patterns of Ni49.9Mn34.5In15.6 and Ni49.8Mn35In15.2 at r.t.
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Figure A.4.2.: Comparison of the PXRD patterns of Ni45Co5Mn38In12, Ni45.2Co5.1Mn36.7In13,
Ni45Co5Mn37In13, Ni43Co7Mn37In13 and Ni43Co7Mn38In12 at r.t.
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A.5. Magnetism on Ni-(Co-)Mn-In alloys
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Figure A.4.3.: Comparison of the PXRD patterns of Ni41Co9Mn39In11 and Ni42Co8Mn38.5In11.5 at r.t.
A.5. Magnetism on Ni-(Co-)Mn-In alloys
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Figure A.5.1.: Thermomagnetic analysis of (a) Ni49.9Mn34.5In15.6, Ni49.8Mn35In15.2,
Ni45.2Co5.1Mn36.7In13, Ni45Co5Mn37In13, Ni43Co7Mn37In13, Ni45Co5Mn38In12
and Ni43Co7Mn38In12, and (b) Ni42Co8Mn38.5In11.5, Ni41Co9Mn39In11 and
Ni39Co11Mn39In11 in an applied magnetic field of µ0H = 1 mT.
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